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EFFECT OF WEAVE ON THE PROPERTIES OF CLOTH?! 
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ABSTRACT 


The effect of the weave on the strength, elongation, take-up, tear resistance, 
fabrie assistance, and air permeability of cloth is discussed in this paper. For 
this purpose a series of 42 cloths were woven from the same cotton yarns in 
weaves comprising plain, twill, rib, mock leno, basket, sateen, and various 
combinations of these weaves. The factors which contribute to strength and 
tear resistance are enumerated and discussed. 

Four cloths having high tear resistance were woven for experiments on 
rubberizing and on doping. The results of these experiments are given and 
compared with the properties of the gas cell cloth and outer cover cloth which 
are used in dirigible construction. 
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I. INTRODUCTION 


The physical properties and the appearance of cloth depend to a 
great extent upon the weave. The strength, elongation, take-up, 
tear resistance, fabric assistance, air permeability, and texture are 
some of the properties which may be varied by changing the weave. 
For ncrtinaasneet cloths with rigid limits on the weight, the weave is 
an important means of obtaining some of the desired physical 
properties. 

A cloth of plain weave has in general a greater breaking strength 
and a lower tear resistance than cloths of the same weight but of 
different weaves. It also has a greater take-up, higher elongation, 
and the shortest floats.? Not only are high breaking strength and 
short floats essential in aeronautical cloths, but also high tear resist- 
ance and in some cases low elongation. 

The purpose of this investigation was to weave a series of cloths 
from the same cotton yarns in several weaves and to determine the 


1 This investigation was started by Mr. Miller before he left the Bureau of Standards. The cloths were 
woven by Mr. Porter. 


‘“ Float” means the length of a warp or filling yarn between successive interlacings. 
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effect on the physical properties. A specific object was the deter- 
mination of the factors requisite for high tear resistence. Four cloths 
of high tear resistance were woven for experiments on rubberizing and 
on doping. The results are given and compared with the properties 
of the untreated cloths and with the properties of the gas cell cloth 
and outer cover cloth used in dirigible construction. 

This work was undertaken by the Bureau of Standards at the 
request of and with the financial assistance of the Bureau of Aero- 
nautics, Department of Navy. The experiments on rubberizing and 
doping were carried out by the Goodyear Zeppelin Corporation. 
Their assistance and cooperation are gratefully acknowledged. 


II. DESCRIPTION OF CLOTHS 


The cloths were woven on one loom and with approximately the 
same tension. The number of threads per inch of cloth in the loom 
was 90 in the warp and in the filling. The yarn used in the warp 
was a 57’s cotton having a twist of 31 turns per inch (twist multi- 
plier 4). The yarn used in the filling was a 60’s cotton having a 
twist of 21 turns per inch (twist multiplier 2.6). The yarns were of 
ordinary commercial quality and were bought in the open market. 

The weave designs of the cloths, comprising plain, twill, rib, mock 
leno, basket, sateen, and combinations of these weaves are shown in 
figures 1, 2, and 3. In drawing the designs the customary conven- 
tion was employed, namely, a black square indicates that the warp 
yarn is raised and appears on the upper surface, while a white square 
indicates that the filling yarn is raised and appears on the upper 
surface. The vertical columns represent the warp direction while 
the horizontal rows represents the filling direction. At least one 
complete pattern of each design is given. 

Photomicrographs of the cloths are also shown in figures 1, 2, and 3. 
They exhibit the surface characteristics of the cloths. 

The weaves corresponding to the numbers in figures 1, 2, and 3 are 
given in table 1. The texture and outstanding surface characteristics 
are also noted. The cloth of each weave is classified either as firm or 
sleazy. The cloth is said to be firm if the warp yarns are not easily 
distorted relative to the filling yarns and sleazy if they are easily dis- 
torted. The cloth of each weave is classified either as close or open. 
The cloth is said to be close if the interstices formed by the interlacing 
of warp and filling yarns are small and open if they are large. The 
cloth of each weave is classified either as having long floats or short 
floats. The cloth is said to have long warp floats if the sum of the 
number of consecutive filling yarns which a warp yarn passes over plus 
the number of consecutive filling yarns which it passes under is equal 
to or greater than 8. A similar convention is used for determining 
long filling floats. These are purely arbitrary conventions adopted for 
the purpose of classification. 


III. MEASUREMENT OF PHYSICAL PROPERTIES 


All tests were made on material having a normal moisture content, 
obtained by proper exposure to atmospheric conditions of 65 percent 
relative humidity and 70° F. Unless otherwise stated, 10 determina- 
tions were made for each test. The average result for each test 1s 
given in table 1 for the various cloths. 




















11) of the cloths. 
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Figure 3.—Weave designs and photomicrographs ( 11) of the cloths. 
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Figure 8.—Surface characteristics of doped cloths. 


BB is regular doped outer cover cloth for dirigibles; B-BB is Bureau of Standards high tear resistance do \ed 
cloth. 
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1. THREAD COUNT 


Thread-count determinations were made on the specimens which 
were used for breaking strength. Because of the contraction of the 
cloth when the tension on it in the loom was released, the number of 
threads per inch in both the warp and filling is greater than 90. 
The variation from 90 depends upon the weave and is a maximum for 
the plain weave. 

2. WEIGHT 


In weight determinations specimens 2 inches square were cut with 
a die and weighed on an analytical balance. The weight was then 
expressed in ounces per square yard. The values reported in table 1 
have been reduced for comparison to a thread-count basis of 90 threads 
per inch in warp and filling, respectively.* The weights vary from 
2.15 to 2.29 ounces per square yard. The variation is due to the 
different degree of waviness produced in the yarns by the various 
weaves. The degrees of waviness of the yarns in the various weaves 
may be seen in figures 1, 2, and 3. 


3. BREAKING STRENGTH AND ELONGATION 


Rectangular specimens, approximately 6 by 1% inches, were cut 
with the long edge either in the warp or in the filling direction as 
desired. ‘The specimens were then frayed to 1 inch in width and the 
threads were counted (see section 1). 

The tests were made according to the standard procedure on an 
inclination balance type of machine equipped with an autographic 
device for drawing the stress-strain curve. The breaking strengths 
are reported in table 1. For comparison they have been reduced to a 
thread-count basis of 90 threads per inch. The strengths of 90 warp 
and of 90 filling yarns tested by the multiple-strand method are also 
given.* The difference between the breaking strength of the cloth 
on the basis of 90 threads per inch and the breaking strength of 90 
strands of yarn expressed as a percentage of the breaking strength of 
2 er of yarn, known as fabric assistance, is also reported in 
table 1. 

The elongation at the breaking load was read directly on the chart 
from the stress-strain curve. The elongation at rupture in percent is 
reported in table 1. 


4. TAKE-UP 


Take-up, that is, the percentage decrease of yarn length in the 
cloth because of the waviness resulting from yarn interlacing, was 
determined by making ink marks on the cloth 10 inches apart along 
the warp and filling, respectively. The yarn was then removed from 
the cloth and the length between the ink marks was measured when 
just sufficient tension was applied to remove the waviness. If L 
represents this length in inches, then take-up is given by the expres- 


sion (L~10) “9. ‘The results are given in table 1. 





: In applying the correction it was assumed that the warp and filling yarns had the same weight. 
©. W. Schoffstall and H. A. Hamm, A Multiple Strand Test for Yarns. Bureau of Standards Journal 
of Research, vol. 2, no. 5, pp. 871-885, 1929. 
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5. TEAR RESISTANCE 


Tear resistance determinations were made on specimens 3 inches 
wide and 6 inches long according to the preferred method of the 
American Society for Testing Materials.» The average result of 5 
tests in the warp direction and of 5 tests in the filling direction is 
reported in table 1 for each cloth. 


6. AIR PERMEABILITY 


Air-permeability determinations were made according to the method 
described by Schiefer and Best. The average result of 3 tests for 
each cloth is reported in table 1. It is expressed in cubic feet per 
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ELONGATION —— PER CENT 
Figure 4.—Correlation between elongation and take-up. 


The points plotted represent the elongation and take-up of the cloths. The values for the warp are 
indicated by dots and for the filling by circles. 


minute per square foot of cloth at a pressure drop of 0.5 inch of water 
across the cloth. 
IV. DISCUSSION 


The data in table 1 show that the weave has a considerable effect 
upon the properties of the cloths. It is difficult to correlate the prop- 
erties with the type of weave since the variations of weave for a given 
type, twill for example, produce almost as great variations as between 
the types. However, it is worth while to call attention to the corre- 
lations between some of the properties. 

5 This is the alternate method described in Proceedings of the American Society for Testing Materials, 


vol. 32, part I, p. 1007, 1932. It was changed to the preferred method at their annual meeting in Chicago, 


June 26, 1933. 
6 H. F. Schiefer and A. S. Best, A Portable Instrument for Measuring Air Permeability of Fabrics, B.S. 


Jour. Research, vol. 6 (RP261), pp. 51-58, 1931. 
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The elongation of the cloth at rupture, which varies from 5 to 14 
percent, appears to vary directly with the take-up (see fig. 4). In 
general the elongation is about 4 percent greater than the take-up. 
This increase may be ascribed to the elongation of the yarn. 
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TABLE 2.—Effect of texture and surface characteristics on the properties of cloth + 











Breaking Fabric Elongation Take-u Tear 
strength | assistance | at rupture P | resistance Air per- 
Texture and surface ok os 
characteristics bility 
Ww F Ww F Ww F WwW F Ww F 
Lb. | Lb. | % % % % Lb. | Lb. 
icici ein chicaihibeiicicamt ainecnctinmee 37.8 | 26.3 8 64; 86/10.7) 46) 63) 3.9) 2.5 b 312 
SON ait ides  ddas- coca ss ca 35.1 | 22.4 0 40; 6.6) 90) 31) 5.0] 48) 3.0 445 
CN Si iin wkd ln hiceniies oa sig 38.3 | 26.8 9 68 | 87) 111) 47) 66] 39) 25 292 
idbs let uodakneekoucsane 35. 4 | 22.9 1 43) 7.1] 9.3] 3.5] 5.2) 47] 29 428 
eS | SESS eset ieeee ee 37.3 | 25.2 7 57 | 83|10.4) 44/ 61 4.1 2.6 339 
ER Semenper sare 35. 4 | 23.6 1 48; 6.7] 95] 3.1] 5&2) 48) 3.0 431 
Firm, close, short floats.__....-- 38. 2 | 26.8 9 68) 871111) 47) 671 29] 25 287 
Sleazy, open, long floats. -_-...- 34.0 | 22.2} —3 39; 6.3) 89) 2.8) 3.6) 5.0] 3.1 462 









































« The data of this table are obtained by taking the average of the values reported in table 1 for each 
classification of texture and surface characteristics. : 
> Cubic feet per minute per square foot of cloth at a pressure drop of 0.5 inch of water across the cloth. 
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TEAR RESISTANCE POUNDS 


Figure 5.—Correlations of strength and elongation with tear resistance. 
The points plotted represent the average strength and the average elongation of cloths having the same 
tear resistance. 


The data in table 2 show the effect of a firm or sleazy texture, of a 
close or open weave, and of short or long floats upon the properties 
of the cloth. In general a cloth which is firm, close, and has short 
floats has greater strength, fabric assistance, elongation, and take-up 
and has smaller tear resistance and air permeability than one which 
is sleazy, open and has long floats. 
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In general the strength and elongation decrease as the tear resist- 
ance is increased. The decrease in average strength and average 
elongation with increase in tear resistance is shown in figure 5. 

It is worth while to discuss briefly some of the factors which 
Ge to the strength, fabric assistance, and tear resistance of a 
cloth. 

The factors which contribute to the strength of a cloth are (1) the 
strength of the yarn, (2) the manner of the interlacing of the one set 
of yarns relative to the other set of yarns, and (3) the twist of the 
yarn. 

It is well known that the strength of a cotton yarn increases with 
twist up to a certain optimum twist, namely, that which is necessa 
to practically eliminate fiber slippage. For higher twists the strengt 
decreases because of the torsional stress on the fibers. The filling 
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WARP STRENGTH POUNDS 


Ficure 6.—Correlation between warp and filling strength. 
The points plotted represent the warp and filling strength of the cloths. Weaves nos. 1 and 15 have a 
large number of thread interlacings compared to weaves nos. 10, 41, and 42. 
yarns are weaker than the warp yarns because of the lower twist. 
This is reflected in the strength of the cloths. The filling strength is 
less than the warp strength for each weave. 

The warp and filling strengths vary considerably with the weave. 
This is not due to variation in yarn strength, but to the manner of 
the interlacing of the two sets of yarn. If the manner of interlacing 
is regular then the strength increases with the number of interlacings 
per unit area because the stress is distributed more uniformly. This 
is shown qualitatively in figure 6 where the filling strength is plotted 
against the warp strength. Weaves nos. 1 and 15 represent those 
having a large number of interlacings while weaves nos. 10, 41, and 
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42 represent those having a small number of interlacings, see figures 1 
and 3. Weave no. 13 has the longest floats and the cloth is very 
sleazy. This figure shows, as expected, that the warp and filling 
are affected similarly by the manner of interlacings. 

The strengths of 90-warp and of 90-filling yarns by the multiple 
strand method are also plotted in figure 6. It is apparent that the 
filling strength of each cloth is much greater than the multiple strand 
strength of 90-filling yarns. This is not true for the warp. In fact 
for 13 cloths the warp strength is less than the multiple strand strength 
of 90-warp yarns, It is to be noted that these 13 cloths belong to the 
class having a small number of thread interlacings. The explanation 
of these observations is apparent when the twist of the yarn, the 
number of interlacings, and the chafing action of the reed and har- 
nesses on the warp yarn are taken into consideration. 

The filling yarns are weak because of the low twist. 
weakened by chafing during weaving. 
warp yarns brings the 
cotton fibers of the yarn 


They are not 
Interlacing them with the 





intoclosercontact. This 4r- 13 
effect increases with the a iff 
number of interlacings. rs 023 o 0 042 

It is equivalent to in- ) "Ai 

creasing the twist in the 3 . BH ee4/ 00/0 


yarn and produces an ap- 
parent increase in the 
strength of the filling 
yarn. This apparent in- 
crease in yarn strength 
is actually observed in 
the filling strength of the 
cloths and is commonly 
referred to as fabric as- 
sistance. 
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The warp yarns are Fiaure 7.—Correlation between warp and filling tear 
already relatively strong resistance. 


because of the high twist. The points plotted represent the warp and filling tear resistance 


of the cloths. Weaves nos. 1 and 15 have a large number of 
They are weakened by thread interlacings and a firm texture. Weaves nos. 10, 13, 41, 
cha ng during weaving. and 42 have 4 $mall number of thread interlacings and a sleazy 
Because of the high twist 


texture. 

in the yarn the fibers are already in close contact with one 
another so that interlacing them with the filling yarns has rela- 
tively little or no effect. iin fact, for those weaves having a small 
number of interlacings, the apparent increase in strength is not 
sufficient to balance the decrease due to chafing so that the fabric 
strength is actually less than the yarn strength. This may be referred 
to as negative fabric assistance. The fabric assistance observed for 
the weaves having a large number of interlacings is probably chiefly 
obtained as a result of greater uniformity of stress distribution. 

The factors which contribute to the tear resistance of cloth are (1) 
the strength of the yarn perpendicular to the direction of the tear and 
(2) the freedom of movement of these yarns in the direction of the tear. 

The importance of the first factor is obvious and is shown by the 
difference between the warp and filling tear (see table 1 and fig. 7). 

The second factor contributes to high tear resistance because move- 

ment of the yarns, which are being torn, in the direction of the tear 
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distributes the tearing stress over several adjacent yarns. The 
greater the freedom of movement the greater will be the number of 
adjacent yarns which will carry the tearing stress and therefore the 
greater the tear resistance. 

In figure 7 the warp tear is plotted against the filling tear. The 
warp tear is greater than the filling tear for every weave except no. 23. 
Weaves nos. 1 and 15 which have a large number of interlacings and a 
firm texture have the lowest tear resistance, while weaves nos. 10, 13, 
41, and 42 which have a small number of thread interlacings, a sleazy 
texture, and long floats have the highest tear resistance. It is to be 
noted that the opposite was observed in the consideration of strength. 
As expected, the warp and filling are affected simiiarly by the manner 
of thread interlacing. For comparison in figure 7 there are also 
plotted the equivalent strengths of 9 warp and of 9 filling yarns; that 
is, the tear resistance which would be obtained if the tearing stress were 
uniformly distributed over a cloth width equal to 0.1 inch. 


V. APPLICATION 


The results of this investigation indicate the type of weave which 
will yield cloth having certain specified properties. They also indi- 
cate qualitatively the effect of the weave upon the other properties. 
Cloths which are used for various aeronautical purposes usually have 
to meet rigid requirements as to weight, strength, permeability, and 
appearance. For gas cells and for outer cover cloth for dirigibles the 
cloths must be suitable for rubberizing and doping. The plain weave, 
which is now used, yields cloth of low tear resistance. 

To determine the suitability of high tear resistance cloth for rubber- 
izing and doping and the effect of these treatments upon the prop- 
erties of the cloths 40 yards of each of 4 cloths of high tear resistance 
were woven in the Bureau of Standards cotton mill. These cloths 
were a 3/3 basket, B-HH, and a mock leno, ML-HH, each weighing 
2.0 ounces per square yard and a modified mock leno, 40A, weighing 
2.2 ounces per square yard to be rubberized similar to gas cell cloth 
and a 3/3 basket, B-BB, weighing 2.8 ounces per square yard to be 
doped similar to outer cover cloth for dirigibles. 

The yarns used in these cloths were 160/2 spun from Sea Island 
cotton and were mercerized. They were the strongest yarns com- 
mercially obtainable of that size, strength being a factor which yields 
cloth of high tear resistance. The Bureau cloth 40A was given the 
regular balloon finish in a commercial finishing plant. Because of 
the small quantity of cloth and markedly different properties from 
that of the regular balloon cloth it was badly damaged in places, 
especially along the selvages, during the finishing process. The 
Bureau cloths B-HH, ML-HH, and B-BB were not finished but were 
rubberized and doped as they came from the loom. 

These cloths were rubberized, doped, and tested by the Goodyear 
Zeppelin Corporation. The results are given in table 3. For com- 
parison data are also given for the regular HH gas cell and regular 
BB outer cover cloths. The data show that the cloths woven at 
the Bureau of Standards are stronger than the cloths now used. 
tear resistances of the Bureau cloths are 2 to 3 times those of the 
cloths now used. The Bureau cloths retain their superior strength 
and tear resistance after they are rubberized or doped. 
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TaBLe 3.—Effect of rubberizing and doping on the properties of cloth 
































pce Tear resist- 
i Weight | Strengt ance Gas permeability, 
a Description of cloth io ~— — a per Bis weve 
sq. yd. - ill- meter in ours 
Warp ing Warp ing 
Oz. Lb. Lb. | Lb. Lb. 
} 5 SepRearar Regular gas cell cloth...........-. 2.0 138 138 3 2.7 
B-HH_-.-..| Bureau of Standards cloth...__- 2.0 47 43 8.8} 12.6 
ML-HH..|___-- | RRO Nf EE a Ee 2.0 51 44 6.5 6.8 
ccdinsctnteed Plisinecothdnetiiauenensueatered 2.2 49 46 8.9 6.2 
HH......|Regular rubberized gas cell cloth.| 5.8] 140| 140/ 1.8] 18 {78 4% 
Avg. 5.9. 
B-HH..-..| Bureau of Standards rubberized 5.7 57 50 7 4 jax 73. 
cloth. Min. 4.1, 
ML-HH..}..... i ibiristatainadindiieshinietisceltieciamwaiestins 5.9 55 47 3.5 3.5 | Too high for test. 
First ae oe. 
Second specimen 9.5. 
40A...-.--|.---- do......--------------------- 5.8 56 #6) 7 Third specimen too 
high for test. 
5 eee Regular outer cover cloth... ...- 2.9} 160; 160 4.8 3.2 
B-BB_---.| Bureau of Standards cloth....__. 2.8 66 67 9.6 9.4 
, Re Regular doped outer cover cloth.| 125.5 83 83 2.5 2.1 
B-BB_-.-.| Bureau of Standards doped cloth. 6.2 102 99 4.5 4.5 





1 Minimum specified in existing standard. 
2 Nominal specified in existing standard, tolerance +-0.4 and —0.2. 

It is to be noted, however, that the Bureau cloths ML-HH and 40A 
after they were rubberized had greater gas permeability than the 
regular rubberized gas cell cloth. The gas permeability of the Bureau 
rubberized cloth B-HH is only slightly greater than that of the regular 
rubberized gas cell cloth. It is probable that if this cloth had received 
the regular balloon finish including singeing, desizing, tentering, and 
calendering, that a gas preneahitty as low as that of the regular 
rubberized gas cell cloth would have been obtained. Other ways of 
lowering the gas permeability would be by changing the weave, 
number of threads per inch, yarn size, and ply of yarn. 

The Bureau cloth B-BB after it was doped did not have as smooth 
a surface as the regular doped outer cover cloth. The surface char- 
acteristics of the doped cloths are shown in figure 8. It is probable 
that a smoother surface would have been obtained if the Bureau 
cloth B-BB had received the regular balloon finish including singeing, 
desizing, tentering, and calendering. Other ways of obtaining a 
smoother surface would be by changing the weave, number of threads 
per inch, yarn size, and ply of yarn. 


VI. SUMMARY 


The effect of the weave on the properties of cloths of the same 
weight has been studied. In general a cloth which is closely woven, 
firm, and has a large number of threads interlacings per unit area 
and short floats has a greater strength, elongation, and take-up and 
has a lower tear resistance and air permeability than a cloth of the 
same weight which is loosely woven, sleazy, and has a small number 
of thread interlacings per unit area and long floats. Thestrength and 
elongation decrease as the tear resistance is increased. The factors 
which contribute to strength and tear resistance have been enumerated 
and discussed. 

The effect of rubberizing and doping on the properties of cloth has 
been determined. Rubberizing and doping increased the strength 
and decreased the tear resistance and permeability. A cloth of 
initially high tear resistance retains its high tear resistance relative 
to a cloth of initially low tear resistance. 


WasxineTon, July 26, 1933. 
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THE ISOTOPIC FRACTIONATION OF WATER 


By Edward W. Washburn, Edgar R. Smith, and Mikkel Frandsen 





ABSTRACT 


When water is subjected to electrolysis an isotopic fractionation takes place, 
the evolved hydrogen being richer in the H! isotope and the evolved oxygen 
richer in the O"* isotope than is the water from which they are evolved. If the 
gases resulting from the electrolysis of water are recombined, the water produced 
has a lower density than the water from which they were evolved. The residual 
water grows progressively more dense as the elctrolysis proceeds, owing to the 
increasing concentration of the H? isotope of hydrogen and, to a less extent, also 
of the O!8 isotope of oxygen. Curves illustrating the efficiency of the fraction- 
ation process are given. Substantially pee H?, pure H!, and pure O'* can be 
obtained by this fractionation process. he heavy water obtained by the process 
has a higher freezing point, a higher boiling point, and a lower refractive index 
than normal water. Isotopic fractionation of water by distillation and by adsorp- 
tion has also been accomplished. A differential pycnometer method for measuring 
specific gravity, accurate to 1 part in a million, is described. 





CONTENTS 

Page 
fa HIER OSs Sinn pebeakedacap seep an-csqdes- 453 
II. The preparation of water of low density.__.._......-.-.-..----- 454 

III. The preparation of water of high density and the variation of density 
Wt GON OUNCE, ctr easdenmesestier dark wen ido 454 
LY. ee ee Ee nadkeekt nd cimandeges-nenpe ~--e<r = 457 
V. Purification of the water for density measurements-.- ----_-------- 458 
VI. The relation between density and isotopic composition. ________-_- 458 
VII. Some physical properties of the heavy water_...........-.---.--- 458 
VIII. Isotopic fractionation of water by distillation and by adsorption... 461 


I. INTRODUCTION 


On December 9, 1931, an experiment was started at the Bureau of 
Standards for the purpose of attempting to produce an isotopic frac- 
tionation of water by electrolysis. In this experiment, normal water 
was acidified with sulphuric acid and electrolyzed between platinum 
electrodes. 

The evolved gases were passed through a condenser for the purpose 
of condensing out the water vapor and collecting the spray and return- 
ing them to the system. The experiment was continued until 98 
percent of the original water had been decomposed. The density of 
the residual water was then determined and found to be higher than 
that of normal water by 164 parts in a million. Before the comple- 
tion of this experiment, samples of water were obtained from com- 
mercial electrolytic cells and examined spectroscopically and found 
to have a higher concentration of the H? isotope than normal water, 
thus proving that an isotopic fractionation of hydrogen takes place 
during electrolysis. This discovery was published ! and it was stated 


! Washburn, E. W., and Urey, Harold C., Proc. Nat. Acad. Sci., vol. 18, p. 496, July 1932, ‘The density 





of one sample of the water which was ex: spectroscopically was greater than that of normal water by 
52 parts per million. 
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that the electrolysis was being continued for the purpose of deter- 
mining the physical properties of the new kind of water and also of 
ascertaining whether an isotopic fractionation of oxygen was also 
taking place. The purpose of the present paper is to present the 
results thus far obtained. The experimental work here recorded is 
to be regarded as exploratory in nature and should be repeated at 
some future time with greater accuracy and with more attention to 
detail and to the effects of various factors which could not be studied 
in the initial experiments. 


II. THE PREPARATION OF WATER OF LOW DENSITY 


A solution of sodium sulphate in normal water was caused to flow 
continuously through an electrolytic cell at such a rate that 10 
percent of it was decomposed by the electrolysis. The oxygen from 
this electrolysis was combined with commercial hydrogen, and the 
density of the resulting water measured and found to be less by 11 
parts per million (two determinations, — 10.6 and —11.0) than that 
of the water produced by burning in air hydrogen from the same 
tank, this latter water having the same density as normal water (one 
determination, —1 part per million). The hydrogen from the above 
electrolysis was also burned to water, the density of which was only 
slightly (> 5 parts per million) less than that of normal water. 

The above experiment was then repeated with a larger amount of 
normal water which was decomposed only to the extent of 4 percent. 
The gases from this electrolysis were recombined and produced water 
having a density lower than that of normal water by 12 parts per 
million (two determinations, —12 and —13). This water was then 
re-electrolyzed in the same manner with 15 percent decomposition 
and the gases recombined. They produced water with a density 
lower than that of normal water by 19 parts per million (two deter- 
minations, —19.7 and, after redistillation, —18.8). This sample was 


tested for ammonia with Nessler’s reagent with a negative result. A 


parallel experiment with water contaming 0.2 part NH; per million 
gave a strong positive test. 


The only plausible explanation of the above results appears to be [ 


the occurrence of an isotopic fractionation of oxygen, electrolytic 
oxygen being richer in the O" isotope than the water from which it 
is generated. By a systematic continuation of experiments of the 
above character, it should be possible to prepare water of the formula 
H3O0" and consequently H' hydrogen and O" oxygen. With these 
pure gases available in quantity, it will be possible to prepare water 
composed of H' hydrogen combined with normal oxygen and water 
composed of O'* oxygen combined with normal hydrogen. On 
electrolysis, the first of these will fractionate only with respect to 
oxygen and the second only with respect to hydrogen. 


III. THE PREPARATION OF WATER OF HIGH DENSITY 
AND THE VARIATION OF DENSITY WITH CONTINUED 


ELECTROLYSIS 
Fifteen liters of water having an initial specific gravity of 1.000034 


was obtained from a commercial electrolytic cell.? This water was 
made 0.01 N with sulphuric acid and was then subjected to electrolysis 


3 We are indebted to the Southern Oxygen Company of South Washington, Va., for this water. 
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with a current of 21 amperes between an anode of bright platinum 
and a gold-plated copper cathode covered with platinum black. 

From time to time the electrolysis was interrupted and the specific 
gravity of the residual water determined. During the first part of 
the electrolysis, the excess of specific gravity (that is, the excess over 
that of normal water taken as unity) was doubled each time the 
volume of the water was reduced one half. The complete specific 
gravity curve is shown in figures 1 and 2. 

When the volume of the residual water had been reduced to 4 
liters, it was temporarily transferred to an electrolytic apparatus so 


We 
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Ficure 1.—Variation of density with continued electrolysis. 


The ordinates are values of the specific gravity, the abscissae values of the ratio of the initial volume of 
the water to its volume at the time the current was interrupted in order to determine the density. The 
upper curve represents the density of the residual water, the lower curve that of the water formed by 
recombining the evolved gases. 
designed as to permit the collection of the two gases separately. 
The oxygen evolved from this water was combined with normal 
hydrogen to produce 300 ml of water which was found to have normal 
density. The hydrogen was combined with normal oxygen and the 
specific gravity of the resulting water was measured and is represented 
on figure 1 by point A. Again, when the volume of the residual water 
had reached 300 ml (D=1.000674), the evolved gases were recom- 
bined to produce 100 ml of water whose specific gravity (1.000161) is 
represented on figure 1 by point B. The locus of the curve through 
points A and B when compared with the density curve of the residual 


8455—33——2 
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water shows that a high efficiency of fractionation was being main- 
tained as the electrolysis proceeded. 

When the specific gravity of the residual water had reached 
1.001376, the electrolysis was interrupted in order to measure some of 
the physical properties of this heavy water. These are reported below. 

When electrolysis was resumed the water was made conducting 
with dehydrated barium hydroxide * and electrolyzed between plati- 
num electrodes until its volume had been reduced to 18 ml. During 
this stage of the electrolysis, the oxygen and hydrogen evolved were 
dried and separately combined with normal hydrogen and normal 
oxygen respectively, to yield two samples of water, one of which con- 
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FicurE 2.—Variation of density with continued electrolysis. 


Logarithmic graph. The two curves have the same significance as in figure 1. The numerical values 
shown on the upper curve are the values of A, the increase in specific gravity, in parts per million. 


tained only an increased concentration of O* and possibly of O” and 
the other only an increased concentration of H?. The density of the 
first of these lots of water was measured and found to be about 18 
parts per million higher than that of normal water. This increased 
density is further evidence of an isotopic fractionation of oxygen’ 
but, as would be expected, the efficiency of the oxygen fractionation 
is much less than that of the hydrogen. 

The specific gravity of the water produced by burning the bets 
was also measured and found to be 1.000539. The locus of this value 
is shown on figure 2. 

The electrolysis was continued until a final sample of water 2.1 ml 
in volume was obtained. This water had a specific gravity of 1.0153. 
During this part of the electrolysis, the hydrogen evolved was col- 

3 The addition of barium oxide for the purpose of givin a conducting solution has the advant: that a 
constant concentration of electrolyte can be maintained during the electrolysis owing to the limi ‘ 
bility of Ba(OH)2-8H20, and the water held by this compound is readily recovered by ignition or by treat- 
ing the solution with carbon dioxide and filtering off the barium carbonate formed. By this procedure 


none of the hydrogen is retained by the electrolyte. 
* See p. 454. 
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lected and, after purification, its atomic weight was determined by 
reduction of CuO and found to be 1.012. 


IV. THE DENSITY MEASUREMENTS 


Since the course and extent of the isotopic fractionation are most 
readily measured by the change in the density of the water, it was 
necessary to have available an accurate method for measuring small 
density differences. The following method was devised for this purpose. 

The density measurements were made with twin pycnometers of 
fused silica provided with 1 mm capillary necks (see figure 3). The 
volume of the capillary neck per unit length was determined by careful 
calibration with a mercury thread and the volume (V; and V2) of 
each pycnometer up to a ref- 
erence mark on the neck was oY Hie Ground to Fit Closely 


determined by weighing the 
pycnometer filled with ae 
water. \ Quartz Capillary 


The procedure for deter- 
mining the density of a sam- 
ple of water is the following: } 
Pycnometer 1 is filled with 120mm 
the reference liquid, normal 
water, until the meniscus 
stands at some convenient 
pointin theneck. The filling 
is accomplished by sucking 
the water into the pycnom- 
eter through a capillary 
= tube. 4 

ycnometer 2 is then sim- 
ilarly filled with the liquid Quartz Flask 
whose density is to be deter- 
mined. Both pycnometers 
are placed side by side in a 
constant temperature bath Fiaure 3.—Fused-silica pycnometer 
provided with a plate glass 
window. Assoon as equilibrium is attained, as shown by a stationary 
meniscus, the distance of each meniscus above the reference mark is 
read with the aid of a cathetometer.’ Knowing the volume of the 
capillary per unit length, the difference AC=, — 2, in the masses of 
the water above the reference marks in the two pycnometers, 1 and 2, 
can be computed. 

The caps are now placed on the pycnometers and these are dried, 
placed on opposite pans of a balance and the difference, Am=m,— ‘ma, 
in their masses determined to the nearest 0.03 mg. The above series of 
operations is now repeated with the reference liquid in pycnometer 2 
and the other liquid in pycnometer 1, giving respectively AC’ and Am’. 

The relative densities of the two liquids are then calculated from 
the relation 














_d_, , Am—Am'—AC+AC’ 

Oa QA VO 

yieee dy is the density of the reference liquid, in this instan ce 
water. 





=1+A (1) 





+ Or, with some sacrifice of accuracy, by means{of{graduations on the neck[of the pycnometer. 
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Obviously, it is not necessary to make any corrections for reduction 
to vacuo in any case where this method would be used, that is, 
where d is approximately equal to dy. The method is essentially a 
differential one and with 60 ml pycnometers the results are repro- 
ducible to about 1 part in a million. 


V. PURIFICATION OF THE WATER FOR DENSITY 
MEASUREMENTS 


All of the density measurements reported in this paper were made 
on samples of carefully purified water. The method of purification 
followed was neaetitieltg that employed in preparing high-grade con- 
ductivity water. It consisted in the following series of distillations 
in the order named with rejection in each case of a small initial dis- 
tillate and a small final residue: (1) Simple distillation; (2) distillation 
from alkaline permanganate solution; (3) distillation from dilute 
phosphoric wl § solution; and (4) simple distillation, usually after 
the first density measurement. 


VI. THE RELATION BETWEEN DENSITY AND ISOTOPIC 
COMPOSITION 


Using the atomic weights,’ H'=1.00778, H?=2.01363, O%=16, 
O”=17, and O*%=18, the absolute density of a sample of water is 
given by the relation 


in which P, is the atomic fraction of H? in the hydrogen, Pi, and P,, 
the atomic fractions of 0 and O” in the oxygen and V the effective 
average molal volume. Referred to normal water as unity the 
specific gravity of the water will be 








D=#x1+44. (3) 
N 
Hence 
jw 2(1.0058P 2+ Pig + 0.5 P17 + 9.00778) — Vdw. (4) 
i Vdy 
For normal water, if we put 
P,= (3 +2) xX 10-5 (5) 
Pig= (159 + 3) X 1075 (6) 
P,,=negligible (7) 
we have 
Vdy = 2(1.0058P, + Pig + 9.00778) (8) 
= 18.0188 + 0.0001. (9) 
Hence, if V is independent of the isotopic composition, 


18.0188 + 0.0001 
If in the given sample of water, the oxygen is normal oxygen, 
equation (10) gives 
P,=8.957A + 0.00003 + 0.00008. (11) 
¢ Bainbridge,'Kenneth T., Phys. Rev., vol. 44, p. 57; 1933. 
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If the hydrogen is normal hydrogen, equation (10) gives 
Pig + 0.5P 7 = 9.0094A + 0.0016 + 0.00007. (12) 


The calculation of P, or of Pig+0.5P,, by the above equations is 
rendered uncertain to the extent indicated by the + signs, owing to 
our present lack of exact knowledge of the isotopic compositions of 
normal hydrogen and normal oxygen. When pure H' and pure O”% 
become available (and their preparation appears to offer no particular 
difficulty) it will be possible to obtain exact equations for P; and for 
Pig+0.5P;7 in terms of A, provided the molal volume V can be shown 
to be independent of the isotopic composition. 

From the data obtained in our first experiment, described in sec- 
tion 1 above, it is obviously possible to compute a value for the 
atomic fraction of H? in the hydrogen of normal water by neglecting 
the oxygen fractionation and assuming that the electrolysis is 100 
percent efficient with respect to the hydrogen fractionation. The 
value thus obtained is 3X107°. This is probably a minimum value. 


VII. SOME PHYSICAL PROPERTIES OF THE HEAVY WATER 


The refractive index, freezing point, boiling point, and thermal 
expansion of the heavy water were measured. The results of some 
of these measurements have already been published.’ The methods 
used are described below. A sample of water with specific gravity 
1.001376 was used in all of the measurements.® 

The refractive index.—This was determined by the Optics Division 
of this Bureau. At 25° C, the refractive index of the heavy water 
for \=5876 A was found to be less than that of normal water by 
(59+ 1)X107°. 

The freezing point.—Using 60 ml of water, the time-temperature 
cooling curve was determined through the freezing range with a 
platinum resistance thermometer sensitive to better than 0.001° C. 
The first experiment was made with normal water. This was fol- 
lowed by two runs with the heavy water and these by a second run 
with normal water. The results are shown in figure 4. The flatness 
of the curves in the freezing range indicates that during crystalliza- 
tion isotopic fractionation does not occur to an appreciable extent 
for the volume of water used in these experiments. 

The boiling point —Twin vacuum-jacketed boilers of the Cottrell ° 
type provided with internal coil heaters of platinum were connected 
by a 10-junction thermel of copper-constantan. The difference in 
temperature of the two junctions was measured with a Brooks- 
Spinks ” potentiometer and a sensitivity of better than 0.001° was 
attained. In the first experiment, normal water was placed in both 
boilers and the zero of the apparatus determined. The normal water 
in one boiler was then replaced by the heavy water and the difference 
in boiling temperatures directly measured. The two kinds of water 
were then interchanged in the two boilers and the experiment repeated. 
The above set of experiments was then repeated with a White poten- 


en hee. Edward W., Smith, Edgar R., and Frandsen, Mikkel, J. Chem. Physics, vol. 1, p. 288, 


* Later measurements with a sample of water of specific gravity 1.1 have recently been reported by 
G, N. Lewis, J. Am. Chem. Soc., vol. eo: 3057, 1933. 

* Cottrell, F. G., J. Am. Chem. Soc., vol. 41, p. 721, and figure 1, p. 730, 1919. 

1” Brooks, H. B., and Spinks, A. W., Bur. Standards Jour. Research, vol. 9, p. 781, 1932. 














460 Bureau of Standards Journal of Research (Vol. 11 


tiometer. All four results agreed and showed that the boiling point 
of the heavy water was higher than that of normal water by 
0.02 + 0.002° C. 

The temperature of maximum density—The twin silica-glass pyc- 
nometers were filled, one with normal water and the other with the 
heavy water, and placed side by side in the regulated bath. The 
bath was held at a series of constant temperatures between 2.5 and 
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Figure 4.—Time-temperature cooling curves through the freezing point. 
The “isotope water” employed had a specifie gravity of 1.001376. 


4.9° C. and when equilibrium was attained the volume of each sample 
of water was measured by determining with a cathetometer the 
position of the meniscus in the capillary. The relation between 
temperature and volume is displayed graphically in figure 5. The 
peculiar effect observed in the neighborhood of 3.75° is apparently 
real but discussion of this phenomenon will be postponed until 
further measurements can be made. 
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VIII. ISOTOPIC FRACTIONATION OF WATER BY 
DISTILLATION AND BY ADSORPTION " 


By rg. with the 35-foot packed-column still described in a 
previous publication,” two fractionations were made with the 
results shown in table 1. 
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Figure 5.—Thermal expansion of water in the neighborhood of 4° C 











TABLE 1 
{ppm=parts per million] 

Density increase | Density 
ea ae ee | difference 

- directly 

Water used phar ww Date of distillation | deter- 

. Still Initial | mined. 
residue | distillate Residue- 
distillate 
—_— ———$——— ——______ | _ — 

U ppm ppm | ppm 

PROPOR Dn is Si Be ie i man 1.5 | December 1931__-- 32 —-14 | 41 

Heavy Am=G8.3 DOM 65.066 0 canndccncnase 10 April 1933. .......- §3.3 —13.2 64. 9 




















These results demonstrate that isotopic fractionation by distilla- 
tion is entirely feasible and this process should find application as a 
supplement to fractionation by electrolysis. Further investigation 
is needed in order to determine how distillation operates with respect 
to the fractionation of oxygen and of hydrogen, since it depends 





w. The results of these experiments were briefly reported in a previous publication. Washburn, Edward 
, and Smith, Edgar R., J. Chem. Phys., vol. 1, P. 426, 1933. 
"3 Bruun, Johannes is and Schicktanz, Sylvester T., Bur. Stands. J. Res., vol. 7, fig. 17, p. 872, 1931. a 
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upon a different principle and may be more efficient, for example 
in the fractionation of the oxygen isotopes, than is the process of 
electrolysis. 

Ordinary conductivity water as prepared in the laboratory is the 
result of several distillations and different lots of such water may be 
expected to show small differences in density. Owing to the inefficient 
stills used in preparing such water, the differences should be less 
than 1 ppm, however. Differences of a few tenths part per million 
in the density of different lots of conductivity water have been 
reported by Lamb and Lee.” 

Isotopic fractionation of water by adsorption on charcoal has also 
been found to occur. In one experiment, 300 g of charcoal was 
heated in high vacuum to a temperature of 350° C. The bulb con- 
taining the charcoal was then immersed in liquid air and oxygen 
admitted. The oxygen was then pumped out, after which the char- 
coal was gradually heated again to 350°. After the bulb had cooled 
to room temperature, 500 ml of heavy water (A=53 ppm) was ad- 
mitted to the bulb and allowed to stand for 5 weeks. 176 ml of the 
supernatant water was distilled off and set aside, after which the dis- 
tillation was continued and the last 123 ml which distilled off was 
also collected and set aside. The last of the water came off when 
the charcoal had attained a temperature of 620° C. in high vacuum. 

The densities of these two end fractions were then compared 
directly with each other and separately with the original water 
used in the experiment. The following results were obtained: 

Density difference, adsorbed water — supernatant water, 12.4 ppm. 

Density difference, original water—supernatant water, 6.5 ppm. 

Density difference, adsorbed water—original water, 6.5 ppm. 

These results show that water can be isotopically fractionated by 
adsorption. Further investigation in this field is necessary, how- 
ever, to determine the practical possibilities of the method. 


WasuincTon, August 2, 1933. 
13 Lamb, Arthur B., and Lee, R. Edwin, Am. Chem. Soc., vol. 35, p. 1681, 1913. 
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PERFORMANCE TESTS OF RADIO SYSTEM OF LANDING 
AIDS 


By H. Diamond 


ABSTRACT 


Details are given the final stage of development of the Bureau of Standards 
system of radio landing aids designed to assist aircraft in making safe landings 
during fog or other conditions of low or zero visibility. Results of the first stage 
of the work which consisted of fundamental experiments and research to develop 
the basic component parts of the system, including a runway localizing beacon, a 
landing beam, marker beacons, and suitable radio receiving and indicating ap- 
paratus for use in the air, were described in this Journal in October 1930 (RP238). 
The final stage of the work comprised the practical development of the compo- 
nent parts and fitting them together to form a workable system capable of ready 
coordination with existing and projected aeronautical radio aids. Changes in 
engineering design of the component parts, necessitated by practical considera- 
tions of the use of the system, are described. Important examples of such 
changes include expansion of the system to take care of wind direction, redesign 
of the landing beam transmitting antenna array to provide greater control of the 
horizontal and vertical directivity of the beam, development of a more flexible 
marker beacon and antenna system, design of a more practicable receiving sys- 
tem, and coordination in a single instrument of the course indications used for 
lateral and vertical guidance. 

Performance data are given on the operation of the system over an extended 
period of time, which indicate its complete practicability for commercial use. 
The tests on the system were conducted in two phases. The first, at College 
Park, Md., consisted of demonstrating the "sang ary 4 of the system by means 
of an extensive series of hooded ‘landings. The second phase involved the testing 
of the complete system under the conditions obtaining at a busy commercial 
airport. An installation was made, in cooperation with the city of Newark, at 
the Newark Municipal Airport, Newark, NJ. During several months of tests 
at Newark, besides making a large number of hooded landings, it was possible to 
fly at all times when all other airplanes were on the ground because of fog. The 
operation of the system was demonstrated in the air to many engineers and 
officials as well as to nearly one hundred air transport pilots. Perhaps the most 
striking demonstration consisted of a completely blind flight from College Park, 
Md., to the Newark airport, during which radio was the sole means used for 
directional guidance and for landing. 
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I. INTRODUCTION 


Research work on a radio system for landing aircraft during zero 
visibility, carried on in the Research Division of the Aeronautics 
Branch of the Department of Commerce, at the Bureau of Stand- 
ards, during 1928 to 1930, was described in the October 1930 issue 
of this Journal.!’ The work covered the first stage of development of 
the system, comprising fundamental experiments and research to 
develop tools for attacking the problem. The runway localizing 
beacon, the landing beam, and the marker beacon, constitute these 
tools. The present paper describes the final stage of the develop- 
ment, consisting of improvement of these tools; fitting them together 
to form a complete and workable system at both the transmitting 
and receiving ends; and, finally, demonstrating the practicability of 
the system by means of hooded landings and by flights and landings 
at a commercial airport under conditions of visibility causing com- 
plete interruption of all other flying. 


II. GENERAL DESCRIPTION OF THE SYSTEM 


Prior to analyzing the results achieved during the final stage of this 
project, it is desirable to review briefly the problems incidental to the 
“instrument” landing of aircraft and how the radio system of landing 
aids provides a solution to these problems. ‘To land an aircraft safely 
at an airport completely blanketed by fog, it is necessary for the pilot, 
(a) to find the vicinity of the airport, and (6) to find and reach a suit- 
able point of landing. The radio range-beacon system now in use on 
the civil airways of the United States renders the solution of the first 
phase of the problem an accomplished fact. The pilot following the 
beacon signals is guided directly over the beacon station (which 
is located within a few miles of the airport), and thereby learns his 
exact position with respect to the airport. The second phase of the 
problem requires information on the position of the landing aircraft 
in three dimensions. Lateral and longitudinal guidance are required 
to determine the direction of landing and the boundaries of the landing 
field, while vertical guidance is necessary for the determination of 
altitude and of the freedom of the landing path from obstacles. In 
the system of radio landing aids three elements are utilized to give the 
necessary guidance in three dimensions. 

The runway localizing beacon gives indications of the lateral 
position of the aircraft with respect to the airport and permits keeping 
the aircraft directed to and over the desired landing runway. A 200- 
watt transmitting set of the visual beacon type, operating in the bea- 
con range of frequencies (200 to 400 kc) and feeding two small, 
multi-turn loop transmitting antennas, is employed. One of the 
beacon courses produced is oriented to coincide with the desired 
landing direction, depending on the wind conditions. On the aircraft 
the receiving set normally used by air transport operators for the 
reception of radio range-beacon signals and airways weather broad- 
casts is employed for receiving the runway-beacon signals. This set is 
supplemented by a reed converter ? to convert the beacon signals to 

1H. Diamond and F. W. Dunmore, A Radiobeacon and Receiving System for the Blind Landing of 
se B.S. Jour. Research, vol. 5 ( wef he ol 897, October 1930. 


. W. Dunmore, A Course Indicator of P. Type for the Visual Radio Range-Beacon System. 
B.8. Jour. Research, vol. 7 (RP 336), p. 147, July 1931; Proc. I.R.E., vol. 19, p. 1579, 1931. 








{1 


- B.S. Journal of Research, RP692 





rs 














GuRE 1.—Indicating instruments required on the aircraft for utilizing the radio 
system of landing aids. 























FicurE 2.—Typical course indications with combined instrument. 


1, Aircraft on proper spatial landing path; 2, aircraft to the left of desired landing direction and too low; 
3, aircraft to the right of desired landing direction and too high. 
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pointer type course indications, and also by an automatic volume 
control unit * whose function is to relieve the pilot of the burden of 
continuously adjusting the sensitivity of the receiving set as the dis- 
tance between the aircraft and the ground station changes. The 
course indicator consists of the vertical pointer of a combined instru- 
ment shown in figure 1 (a). This pointer is pivoted about its lower 
end and swings left or right of a vertical index line depending upon 
whether the aircraft is on one side or the other of the runway course. 
A reversing switch is provided so that the deflection of the pointer and 
the direction of deviation of the aircraft coincide whether the aircraft 
is flying away from or toward the beacon. 

ertical guidance of the aircraft is given by a horizontally polarized 
ultra-high-frequency landing beam directed at a small angle above the 
horizontal and used in such a way as to provide a very convenient 
gliding path for the landing aircraft. The frequency of operation is 
90,800 kilocycles (3.3 meters). 

On the aircraft a simple ultra-high-frequency receiver is used, fed 
by a transmission line from a horizontal half-wave receiving antenna 
which is located in the wing slightly ahead of the leading edge. The 
rectified output from this receiving set operates the horizontal pointer 
of the combined instrument shown in figure 1 (a). The receiver 
sensitivity is so adjusted that the line of constant received signal 
below the inclined axis of the beam, corresponding to half-scale 
deflection of the horizontal pointer, marks out a landing path which 
is suitable for the aircraft and airport considered. The horizontal 
index line across the face of the combined instrument represents the 
point of half-scale deflection and corresponds to the proper landing 
path. The horizontal pointer represents the position of the aircraft 
relative to this path. A rise of this pointer above the horizontal 
index line indicates that the aircraft is above the proper landing path, 
while the reverse is true if the pointer falls below the index line. 

Consideration of the operation of the combined instrument will 
show that the point of intersection of the two pointers represents the 
position of the aircraft relative to the desired landing runway and 
the proper landing path. Figure 2 shows three typical readings on 
the combined instrument. The coordination of the two sets of course 
indications into a single reading is of utmost importance to the pilot, 
relieving him of the need for considerable mental effort. Deviations 
from both courses may be corrected simultaneously. By keeping the 
pointers crossed over the small central circle on the instrument face, 
a suitable spatial landing path is followed down to the point of landing. 

Longitudinal position of the aircraft as it approaches the airport 
is given by the combination of a distance indicator on the aircraft 
with the aural signals received from two marker beacons. The 
distance indicator, see figure 1 (6), consists simply of a direct-current 
milliammeter connected in the plate supply to the radio-frequency 
amplifying tubes of the beacon receiving set. Since the automatic 
volume control operates to increase the negative biasing voltage on 
the grids of these tubes with increasing input voltages to the receiving 
set, the plate current is approximately inversely proportional to the 
field xara of the runway beacon. The instrument may therefore 
be calibrated in miles from the beacon (say, 0 to 5 miles). The 


*W, 8, Hinman, Jr., Automatic Volume Control for Aircraft Radio Receivers. B.S. Jour. Research, 
vol. 7 (RP 330), p. 37, July 1931. 
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distance indication secured is approximate only, but is sufficiently 
accurate for all necessary maneuvers of the landing aircraft at dis- 
tances from the airport of the order of 1 to 5 miles. 

Absolute indication of the longitudinal position of the aircraft when 
near the airport is given by aural signals from two low-power marker- 
beacon transmitters. One marker beacon is located about 2,000 feet 
from the approach end of the airport while the other marker defines 
the boundary or edge of the landing field. Different modulation 
frequencies are employed for the two marker beacons to facilitate 
ready identification of the one being passed over; the marker beacon 
at the field boundary having a modulation of about 250 cycles and 
the approach marker beacon a modulation of 1,250 cycles. The 
marker beacon transmitting antennas provide for great flexibility of 
operation; any portion of the landing field boundaries and approaches 
may be defined, and any radio frequency may be used in the range of 
from 200 to 20,000 kilocycles. These features will be discussed in 
more detail in section ITI. 


III. PRACTICAL APPLICATION OF THE SYSTEM 


The foregoing description outlines the general principles underlying 
the operation of the system. A number of practical problems arise 
in the application of these principles to provide a workable transmit- 
ting and receiving set-up. These problems have influenced to con- 
siderable extent the engineering design of the component elements of 
the system. To facilitate discussion of the engineering factors 
involved, repeated reference will be made to the experimental installa- 
tion of the landing system at the Newark Municipal Airport, Newark, 
N.J. A three-dimensional view showing the layout of the ground 
transmitting equipment at Newark is given in figure 3. 


1. RUNWAY LOCALIZING BEACON 


The question of location at a given airport of the runway localizing 
beacon transmitter and antennas is related to the number of landing 
directions it is desired to serve, which, in turn, depends upon the 
prevailing wind directions during conditions of low visibility. If it is 
desired to provide for all wind directions so that an aircraft may land 
into the wind under all conditions, several expedients are available, 

One arrangement is to mount the transmitter, antennas, and power 
supply, on a truck and to furnish service into the wind by moving the 
truck to the proper position just off the field. This method is not 
economical since special design features are required in the equip- 
ment. Moreover, a major objection is that the runway beacon service 
is interrupted between changes of truck location. Such factors as 
snow, ice, tire trouble, engine trouble, traffic, and inaccessibility of 
the truck position corresponding to certain wind directions, may 
make this interruption somewhat lengthy. 

A second arrangement is to locate the loop transmitting antennas 
in the center of the airport in a pit provided with sturdy roof con- 
struction level with the surface of the airport so that an airplane may 
roll over it. The transmitter may also be located in the pit or may 
preferably be installed in a location more convenient for maintenance 
and operation. In the latter case, radio-frequency power is fed to 
the loop antennas by means of buried transmission-line cables. The 
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installation may be operated as a 4-course beacon with the four courses 
aligned to coincide with four major runway directions, or it may be 
used as a beacon giving two 180° courses, one of which may be oriented 
into the wind at all times, either by remote control from the operations 
office or automatically. The operation of the runway beacon under- 
ground has been tested and found satisfactory. An experimental pit 
installation was made at College Park for these tests. The distance 
range was reduced by about 50 percent from that obtained with the 
runway beacon above ground; the courses were found to be well 
defined and somewhat sharper than for above-ground operation. 

A third arrangement is to place the runway beacon in any con- 
venient location and to provide a buried transmission-line system 
whereby radio-frequency power may be fed to one or the other of two 
loop-antenna systems, each located just off the airport in line with a 
major runway direction. Transmission lines of the order of several 
thousand feet in length may be employed without undue loss of 
power. By strategically locating the two sets of loop antennas, 
practically all wind directions may be served. This method pro- 
vides the most economical and efficient means for taking care of all 
wind directions. 

At most airports, it is not expected that it will prove necessary to 
serve more than one landing direction. A study of meteorological 
data for a number of airports has shown that the wind during low 
visibility conditions generally comes from one major direction. The 
following data summarizes the conditions for the Newark airport 
during the period July 1, 1930, to June 30, 1931. Ceilings under 
1,000 feet were observed 740 times; the wind was calm 25 times; 
north 128 times; northeast 291 times; east 107 times; southeast 67 
times; south 34 times; southwest 57 times; west 16 times; northwest 
15 times. Thus, for all ceilings below 1,000 feet, the prevailing wind 
direction was from the northeasterly quadrant. Accordingly, the 
runway beacon is located at the northeast end of the Newark airport 
and one of the courses is oriented along the northeast-southwest 
runway. In this installation, the loop antennas are housed in the 
same building as the transmitting set to provide protection from the 
elements. Each antenna consists of 7 turns of no. 10 wire wound on 
a wooden frame 12 feet long by 10 feet high, with a 2-inch spacing 
between turns. A goniometer is provided to swing the course any- 
where between the two hangar lines, thereby giving service over a 
sector of approximately 40°. 

To secure a true picture of the percentage of time, during low visi- 
bility, when the Newark runway beacon is useful, it is necessary to 
consider two other factors in addition to the data on wind directions 
given in the foregoing paragraph. The first is that for ceilings above 
100 feet, the landing system may be used regardless of wind direc- 
tion. A pilot breaking through this ceiling finds himself at the south- 
west approach to the field; from that point he may maneuver the 
aircraft (underneath the ceiling) to land in any desired direction. The 
second factor is that, as the ceiling becomes progressively lower than 
1,000 feet, the wind velocity becomes correspondingly lower so that, 
finally, at ceilings of 100 feet or lower, the wind velocity rarely exceeds 
6 to 8 miles per hour. Under these conditions, landings may be made 
downwind or crosswind if required. It is thus evident that a 1-direc- 
tion runway beacon service, if properly oriented, is sufficient for all 
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practical purposes. As a matter of fact, during several months of 
tests at Newark, it was found unnecessary to use the goniometer for 
swinging the course in the 40° sector between the hangar lines. Fixed 
orientation along the northeast-southwest runway was found prefer- 
able, since the fixed courses and quadrants could then be employed 
for fixing definitely the position of the aircraft with respect to the air- 
port during blind flights. In the case of airports located at a con- 
siderable distance from airway radio range beacons, this constitutes 
an important feature in finding the airport. 

Other details to be considered in connection with the runway local- 
izing beacon are: radio frequency; required sharpness of the course; 
and the effect of power lines, railroad tracks, and the like, upon the 
straightness of the course. The radio frequency on which the runway 
beacon operates should be at one end or the other of the beacon band. 
so that its signals may be received on the beacon receiving set carried 
aboard aircraft and at the same time a minimum of interference be 
had from nearby 2-kilowatt airway radio range beacons. The 
Federal Radio Commission has proposed setting aside the frequency, 
224 kilocycles, for this service at all airports; this frequency fulfills 
the above requirements. 

In the course of prolonged tests on the system, it was found desirable 
to provide a very sharp runway beacon course in order to keep the 
aircraft as accurately as possible along the desired landing direction 
and thereby to clear obstructions in the approach to the airport. 
This was particularly true in the experiments at College Park, Md., 
where the approach is quite restricted. The width of a radiobeacon 
course becomes progressively less as the beacon is approached. 
When the course was adjusted to the desired sharpness at a few miles 
from the airport, it became quite difficult for the pilot to follow the 
course at close range to the beacon. Once off the course, an attempt 
to get back on would result in overcompensation or “hunting” about 
the course, which would become progressively worse until finally the 
pilot could no longer follow the course. ‘Two means were adopted to 
overcome this difficulty. The first consisted of utilizing a directional 
receiving antenna on the aircraft, the directivity being secured through 
the addition to the usual vertical pole antenna of a flat-top element 
running back to the vertical rudder fin. See figure 4. The antenna 
is then equivalent to an inclined receiving antenna with backward 
inclination. The directional effect is observed when flying at an 
angle to the course. Upon turning into the course there is an apparent 
moving of the course toward the airplane. The reverse is true when 
turning away from the course. The net result is to provide automatic 
compensation for the pilot’s tendency to “hunt” or “weave” about 
the course. The second means adopted was to use the vertical pointer 
of the combined instrument simply as a check instrument, the primary 
instrument depended upon to determine the directional heading of 
the aircraft being the compass, preferably of the gyroscopic type. 
When the vertical pointer shows that the aircraft has deviated from 
the runway course, the compass bearing is altered to provide gradual 
return to the course. After several corrections, the proper compass 
bearing is determined which will provide just the proper angle 0 
“crab” into the wind to maintain the aircraft along the desired course. 
It is important to note that the angle of correction for wind drift is 
thereby also determined, this angle being equal to the difference 
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FicgurE 4.—Airplane used in landing tests. 


a, Beacon receiving antenna; b, landing beam receiving antenna; c, hood for blind landings. 
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between the compass bearing required to keep the aircraft on the 
runway course minus the true compass bearing of the runway. The 
use made of this correction angle will be described in section IV. 

A direction finder on the aircraft, with bilateral pointer-type course 
indication, has been suggested for use in landing in place of the runway 
beacon method outlined in the foregoing description and has been 
tried with considerable success by personnel of the U.S. Air Corps 
at Wright Field, Dayton, Ohio. An advantage is that the direction 
finder indicates the directional heading of the aircraft at all times, 
thereby obviating such difficulties as “hunting” about the runway 
beacon course. Other factors of use steht oaanel this advantage, 
however, as will appear from the following. The aircraft is oriented 
along the proper runway direction by means of direction finder bear- 
ings on two fixed ground stations lined up with the runway, and the 
signals from one of these stations (the one nearer the airport), 
utilized for direction indication. Wind drift is detected when check 
bearings on the other ground station show that the aircraft is off 
course. Correction is made by changing the orientation of the 
direction-finder loop antenna and, after following the course indica- 
tions of the first station for an appreciable period, taking a check 
bearing on the second station. That orientation of the loop antenna 
is chosen which gives ‘‘on-course” readings for the second station. 
The angle between the new position of the loop antenna and its 
original position (perpendicular to the longitudinal axis of the aircraft) 
is equal to the drift angle. For the new loop antenna position, indi- 
cations from either ground station give the true runway direction 
provided, of course, that the wind direction and velocity remains 
unchanged. The bearing of the airplane compass is now noted. 
Once the glide is started for descent of the aircraft to the landing 
surface, it is not feasible to keep taking check bearings on the second 
ground station to determine if wind drift due to changes in wind direc- 
tion or velocity is taking place. Close check of the airplane compass 
bearing is required for this purpose, wind drift being observed by a 
departure of the compass bearing from the value noted. Two 
instruments are therefore utilized, as in the case of the use of the 
runway beacon, while a somewhat more involved procedure for deter- 
mining the true runway direction is required. In actual use, at 
Wright Field, of this method of runway direction indication, consider- 
able simplification of the above procedure for determining the true 
runway direction has been found feasible. This is made possible by 
witable location of the ground station nearer the airport, the distance 
of this station from the airport boundary being the important factor. 
The direction-finder bearings on this station guide the aircraft directly 
over it, even if wind drift correction is not properly made. Upon 
arriving over the station, the pilot swings the aircraft so that the 
compass bearing corresponds to the proper runway direction. If the 
distance from the airport is not too great, this is sufficient for landing 
on the runway in spite of cross winds. With this simplification, the 
use of the direction-finder method becomes comparable with the 
runway-beacon method for determining the runway direction. Both 
methods require checking the compass bearing against the radio 
course indicator. The choice appears to be based on what additional 
receiving equipment is required on the aircraft. Since practically 
all commercial transport airplanes carry beacon-receiving equipment, 
the runway-beacon method is preferable for transport use. 
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The runway course as defined by either the runway beacon or a 
direction finder may depart considerably from a straight line due to 
the presence of long conductors such as telephone and power lines 
and railroad tracks. The photographic strip of the terrain at College 
Park shown in figure 5 illustrates this effect. The runway localizing 
beacon is located at (a), and a course oriented in the direction indi- 
cated by the three radiating black lines. The true course as deter- 
mined by numerous flights over a period of many months is actually 
as shown by the white line. The general bow in the course toward the 
railroad between points (b) and (c) may be attributed to the effect 
of the railroad tracks and telephone lines running parallel to the 
tracks. The bend in the reverse direction, at (d), is apparently 
caused by the power lines running transversely to the course. It is 
interesting to note that the bend (c), because of its proximity to the 
airport, gave considerable difficulty during hooded landing tests by 
causing exaggerated ‘‘hunting” about the course just prior to the 
final landing maneuvers. The adoption of the directional receiving 
antenna produced a tremendous reduction in troubles from this effect. 

The sensitivity of the vertical pointer motion of the combined 
instrument has been made dependent on the sharpness of course 
required. The vertical movement of the instrument shown in figure 
1 (a) is adjusted to give half-scale deflection on either side of zero for 
a third of the current required for full-scale deflection. A high degree 
of sensitivity and attendant course sharpness is thereby maintained 
about the “on-course”’ position, while for large deviations “‘off- 
course”’ the sensitivity decreases to permit keeping the deflection 
within the range of the instrument. The latter feature is valuable 
when maneuvering about the beacon. Sufficient damping of the 
instrument pointers is obtained by the use of cobalt chrome magnets, 
thereby preventing undesired movements due to vibration and extra- 
neous electrical impulses. This minimizes the chances of erratic 
indications which may confuse the pilot. In early instruments, 
electrolytic condensers of high capacitance were shunted across the 
movements operating the pointers to provide the necessary damping. 


2. LANDING BEAM 


The advantages of the landing beam, foreseen during its early 
development, are fully realized in its practical application at an air- 
port. The landing path may be so directed that a landing aircraft 
following the glide path is automatically kept above obstructions 
without requiring exact knowledge by the pilot of the terrain over 
which he is passing. Secondly, the average landing path may be 
made to suit the particular airport merely by adjusting the power of 
the landing beam transmitter. Each individual aircraft may follow 
a path departing considerably from the average landing path and 
more closely suiting its flying characteristics simply by an adjust- 
ment of the sensitivity of the landing beam receiving set. The power 


- adjustment at a given airport to secure a suitable average landing | 


path and the sensitivity adjustment on each aircraft to depart by a 
desired amount from the average path, once made, are pernandaiiy 
fixed. A given aircraft then follows an optimum landing path at a 

airports equipped with landing beams. As a third advantage, the 
shape of the landing path is such that the aircraft maintains safe 
flying speed in following the landing path indications up to the poimt 
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sURE 5.—Photographic strip of College Park, Md., airport showing effect of railroad ‘racks 








BEACON 


a) 
4 


i ae Sa ar = ~—— 
| COLLEGE PARK 
me 
| ir 




















ad ‘racks and power lines upon shape of runway beacon course. 











Diamond) Airplane Landing Aids 471 


of receiving the boundary marker beacon signals. The aircraft 
engine is thus kept at safe operating speed during all maneuvers 
outside the airport boundaries. A fourth advantage is that the 
landing glide may be begun at any desired altitude within a rather 
wide range (say, 500 to 5,000 feet). Beginning the use of the landing 
beam does not, therefore, involve accurate location of any point at 
specific distance from the airport, but comes automatically so long as 
the pilot is following the runway beacon course in the correct direction 
and at an altitude within the prescribed limits. The fifth advantage 
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Figure 6.—Electrical circuit arrangement of landing beam oscillator. 


lies in the ease of using the landing beam indications. No manipula- 
tion of equipment on the part of the pilot is required. The tuning is 
fixed. Since a line of constant field intensity is followed no control 
of volume is necessary. Other advantages will be evident from the 
following paragraphs. 

_The landing beam transmitting set may employ any transmitting 
circuit arrangement which can supply approximately 500 watts to the 
directive antenna array. Sixty-cycle modulation of the radio- 
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frequency carrier is required for purposes of audio amplification and 
filtering in the landing-beam receiving set carried on the aircraft. 
The oscillatory circuit shown in figure 6, employing two 500-watt 
3-element tubes in push-pull, was used at College Park and at 
Newark. In recent experiments, substituting a quarter-wave trans- 
mission line for the filament chokes resulted in considerable increase in 
the efficiency of the oscillator. 

The transmitter feeds power to the directive antenna array by 
means of a parallel-wire transmission line. A short-circuited or 
open-circuited loop at an experimentally determined distance from 
the antenna end of the transmission line is utilized to eliminate 
radiation from the line. 

The design of the antenna array depends considerably upon the 
horizontal angle over which landing beam service is desired. The 
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Figure 7.—Directive transmitting antenna arrays tested for landing beam use. 





Yagi type of array, utilized in the early experiments, was given up 
because of the limited possible control of the space pattern in the 


horizontal plane. Where it is desired to provide service in all direc- | 
tions, a very simple antenna arrangement, suggested by the Deutsche | 
Versuchsanstalt fir Luftfahrt, may be used. This comprises simply | 
a quarterwave vertical antenna, grounded at one end, placed in the | 


center of the airport. The portion of the space pattern used is shaped 
like a bowl, suggesting the German name, “teller” antenna. With 
this arrangement, the landing beam transmitter may be placed in 4 
pit in the center of the field. The practical difficulties consist firstly, 
of the objection to even a low antenna (2.7 feet for 3.3 meters wave 
length) dacua in the center of an airport, and, secondly, the depend- 
ence upon the dielectric constant of the ground of the shape of the 
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space pattern produced with vertically polarized waves. With 
horizontally polarized waves, such dependence is inappreciable, 
thereby insuring a fixed landing path under all weather conditions. 
The above considerations point to the use of a horizontal type antenna 
array located off the airport, with duplication of the transmitter and 
antenna array if more than one landing direction is to be served. 
However, as indicated in section III (1) it is not expected that many 
airports will require 
more than a 1-direc- 
tion installation. 
In the few cases 
where such duplica- 
tion is essential, the 
cost involved is not 
high, the landing 
beam transmitter 
and antenna array 
being extremely 
simple. 

Two types of 
horizontal arrays 


shown in figure 7 Ficure 8.—Vertical directive characteristic of the landing 
(2) and (6) were beam corresponding to the transmitting antenna arrays 


tested atEColllege smouen a Poe 
Park. In each case, the radiator was fed from the transmission line 
and the reflector, placed one-quarter wave length behind the radi- 
ator, was excited by induction from the radiator. Both antenna 
arrays gave essentially the same directive pattern in the vertical 
plane. (See fig. 8.) 
|] The directive pat- 
tern in the horizon- 
tal plane corre- 
ponding to the array 
shown in figure 7 
(a) is indicated in 
figure 9 (a), and for 
the array shown in 
figure 7 (b), by fig- 
ure 9 (6). Using the 
antenna array} of 
figure 7 (a) it is pos- 
sible to provide 
landing beam serv- 
ice over a sector of 
Figure 9.—Horizontal directive characteristics of the approximately 110°, 
landing beam corresponding to the transmitting antenna while with the an- 


arrays shown in figure 7. tenna array of figure 
7 (b) the useful sector is reduced to approximately 40°. At the limits 
of these sectors, the landing path for fixed receiving set sensitivity is 
about 10 percent higher than at the center. This difference is not 
important in practice. The choice between the two types of antenna 
arrays lies in consideration of the width of the sector in which serv- 
ice is desired and of the intensity of radiation in the area served for 
a given transmitter power. 
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At the Newark airport (see fig. 3) the angle between the two hangar 
lines is approximately 40°. The antenna array chosen is accordingly 
that shown in figure 7 (6). A photograph of this antenna array, as 
installed at the Newark airport, together with the transmission line 
feeding it, is given in figure 10. The short-circuited loop for imped- 
ance matching is also shown in this photograph. The transmitter 
and antenna array at Newark are located along side of the runway 
localizing beacon at the northeast end of the field, and the radiation 
directed in the southwest direction. Use of the landing beam is 
therefore possible only when coming in from the southwest quadrant. 
As indicated in connection with the discussion relative to location of 
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Figure 11.—Electrical circuit diagram of landing beam receiving set. 


the runway localizing beacon, this is sufficient for all practical use of 
the system at Newark. 

A circuit diagram of the receiving set used on the aircraft for 
receiving the landing beam signals is given in figure 11 and a photo- 
graph in figure 12. The receiving set comprises a detector and two 
stages of audiofrequency amplification. The detector is untuned, a 


simple high-pass filter being interposed between the detector input , 


circuit and the transmission line feeding it in order to minimize inter- 


ference from services operating on lower frequencies. The output | 


from the receiving set passes through a mechanical filter, tuned to the 
modulation frequency at the transmitter (60 cycles) which provides 
further freedom from interfering signals. Adjustment of the sensi- 
tivity of the set is obtained by means of a variable condenser shunting 
the input to the detector grid. With this condenser the sensitivity 
of the set may be varied from 10,000 to 40,000 microvolts input for 
‘6 milliwatts output.* The sensitivity used in the tests at Newark 


4 These figures are interpolated from measurements made at 10,000 kilocycles. 
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Ficure 10.—Landing beam transmitting antenna array employed at the Newark 
Atrport. 
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Figure 12.—Photograph showing inside view of landing beam receiving set. 


Condenser for permanent adjustment of receiver sensitivity; 6, portion of high-pass input filter 
mechanical filter tuned to 60 cycies. 
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and College Park was of the order of 20,000 microvolts. Because of 
the low receiver sensitivity, the simple means described above for 
securing freedom from interference have proved entirely satisfactory. 

Special attention was given in the design of the receiving set to 
provide constant sensitivity for wide fluctuations in the supply 
voltages. Such design is required since the voltage of the storage 
battery, which serves as the central source of electrical power on the 
aircraft, may vary considerably even during a single flight. The 
means adopted are quite simple. Automobile-type receiving tubes 
are used which are especially designed to work on a wide range of 
filament voltages; a series resistor is used to step down the 12 volts 
from the storage battery to the required average value (6 volts). 
The high voltage supply, furnished by a dynamotor available in the 
aircraft for use with other receiving equipment, is impressed upon a 
voltage divider. Taps from the voltage divider provide the proper 
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FieurE 13.—Effect of variation of supply voltages upon sensitivity of landing beam 
receiving set. 


voltages to the plate and shield grid of the detector tube and to the 
plates of the amplifying tubes. These voltages are fixed by test at 
values giving minimum change of amplification for large departures 
on either side of these values. Grid detection is used so that variations 
in the plate and shield grid voltages of the detector tube have mini- 
mum effects. Graphs showing the relation between the receiving 
set sensitivity and the supply voltages are given in figure 13. 

_ The transmission line used for transferring voltage from the receiv- 
ing antenna to the receiving set consists of a twisted pair of insulated 
wires inclosed in a metallic shield. Both ends of the shield are 
grounded to the airplane metallic structure and the transmission line 
run so that the shield is either insulated from contact with metal 
parts of the airplane or grounded thereto. The connection of the 
transmission line to the antenna is indicated in figure 11. The 
antenna consists of a horizontal copper rod of approximately one 
half wave length. A reflector is employed to reduce alteration of the 
space characteristics of the receiving antenna due to its proximity to 
the aircraft structure. Two locations for the receiving antenna were 
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tried, one above the wing at the center, and the other ahead of the 
leading edge of the wing near the wing tip. In the first arrangement, 
the effect of reflection of the oncoming wave from the body of the 
airplane was to sharpen up the directivity of reception in the vertical 
plane, the direction of maximum reception corresponding to an angle 
above the wing surface. As a result, the deflection of the landing 
path indicator would increase considerably when the airplane was put 
into a dive and decrease during a climb. The use of a reflector 
placed above and somewhat behind the antenna compensated the 
effect of the airplane, reducing to considerable extent the vertical 
directivity of reception. However, the length and position of the 
reflector had to be determined by a long series of flight tests. In the 
second arrangement, the vertical receiving characteristic was found 
satisfactory. In the absence of the reflector, however, reflection of the 
oncoming wave from the leading edge of the wing caused a sharpen- 
ing and distortion of the horizontal receiving pattern. Sharp hori- 
zontal directivity meant that an airplane coming down the landing 
path at an angle to the runway direction (in order to compensate for 
wind drift), would receive reduced landing indicator deflections. 
The use of a reflector behind the receiving antenna reduced these 
effects in marked degree by reducing the response of the antenna to 
signals from behind. The proper length of reflector corresponding to 
a given position ahead of the leading edge of the wing may readily be 
determined experimentally, since the adjustments are made on the 
ground. A horizontal pattern giving substantially constant received 
signal for departures of +25 degrees from the head-on direction of 
the airplane, is readily obtained. This is satisfactory for all practical 
use of the landing beam. 

Since the use of the landing beam is based upon following a line of 
constant field intensity below the inclined axis of the beam, it is es- 
sential that the power of the transmitter and the sensitivity of the 
receiving set, once adjusted, remain unchanged in order not to affect 
the landing path. The dependence of the landing path upon the 
transmitting set power output is shown in figure 14. Graph A is for 
normal power output at Newark, approximately 350 watts. Graph 
B corresponds to 10 percent increase while graph C corresponds to 10 
percent reduction in power output. These graphs were calculated 
from the expression given in equation (1) and derived by G. L. Davies 
of the Bureau of Standards. Experimental checks in an airplane 
gave excellent agreement with the calculated data. From a study 
of figure 14 it is evident that the change in the landing path is negli- 
gible even for a 10 percent change in power output. Such variation 
in power is hardly to be expected in practice. 


Sean — py (1) 





where 

z=horizontal distance of airplane from landing beam transmitter 

y =height of airplane 

A=numerical constant (depending upon field intensity due to 
single antenna) 

n=number of pairs of antennas and reflectors 

J=current in each antenna 

h=height of center of transmitting array above ground 
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E=field intensity necessary at receiving antenna to produce 
on-course indication 
\= wave length 


This holds provided ¥=0.05. 


The change in landing path corresponding to +10 percent change 
in amplification of the landing beam receiving set is about the same as 
that indicated in figure 14 for +10 percent change in power. This is 
based on the use of square-law detection. A detector of a higher 
order than square-law would reduce the change in path from that 
indicated. The desire to minimize the possibility of such change led 
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FicurE 14.—Effect of changes in transmitting power upon landing path. 


to the use of the simple type of landing beam receiver described. 
Since there is no tuning nor regeneration, and the sensitivity is not at 
all critical with variation in supply voltage, the only possibility for 
change in sensitivity is loss of emission in the receiving tubes. Re- 
peated checks on the two test airplanes for a period of nearly a year 
showed such possibility to be rather remote. Routine service checks 
of the equipment at regular intervals are sufficient to eliminate any 
possibility of improper operation from this source. An effective over- 
all check of the receiving equipment consists of applying a known 
voltage (of the landing beam frequency) to the landing beam receiving 
antenna and checking the reading of the landing path indicator. 
The voltage required to give ‘‘on-course” indication, as previously 
detetrniher and recorded, is a good value to use for this test. 

It is of interest at this point to indicate the adjustment procedure 
to be followed in installing the landing beam at a number of airports. 
For the purpose of explanation, assume that an installation has been 
made at one airport, say at Newark, and that it is desired to provide 
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landing-beam service at a second airport of different characteristics, 
say at College Park. (The distance of the approach end of the field 
from the landing-beam transmitter is approximately 4,000 feet at 
Newark and 2,000 feet at College Park.) Assume furthermore that 
the receiving sets on a number of airplanes have been adjusted to 
give suitable landing paths at Newark and are to be used in landings 
at both airports. The problem is to adjust the power of the landing- 
beam transmitter at College Park to give satisfactory landing paths 
corresponding to the receiver sensitivities previously found desirable 
at Newark. The procedure is simply to calculate the required power 
to give a suitable average landing path (as determined from obstruc- 
tions in the path, point of contact with the field, etc.), and to check 
this experimentally in an airplane. For the two test airplanes used 
in developing the radio landing system, the landing path at Newark 
is given by graph A in figure 15 and the path at College Park by 
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Ficure i5.—Landing paths used at Newark and at College Park. 


graph B. The antenna power corresponding to graph A is approxi- 
mately 350 watts, and to graph B, approximately 175 watts. 

Each of the landing paths shown in figure 15 really represents the 
path of the landing beam receiving antenna. The actual wheel height 
of a landing wi HK is below this path by an amount depending 
upon the location of the receiving antenna. The difference is rela- 
tively unimportant except in determining the point of contact of the 
wheels with the ground. At Newark, the point of contact is 2,450 
feet from the landing beam transmitter for an antenna height of 15 
feet, 2,000 feet for an antenna height of 10 feet, and 1,400 feet for an 
antenna height of only 5 feet. If the antenna is to be considered 
mounted ahead of the leading edge of the wing, the first case corre- 
sponds to the average transport passenger airplane, the second to the 
average itinerant and mail airplane, and the third to the low-wing 
monoplane used in mail service. In the first two cases it is feasible 
to use the landing beam down to the point of contact with the ground. 
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In the latter case, it is desirable to start settling down for a landing 
as soon as the boundary marker beacon signal is heard, in order that 
the airplane will not land too far downfield with the possibility of 
overrunning the field during taxying. 


3. MARKER BEACONS 


The function of the marker beacons in the radio landing system 
was outlined under section II. The transmitting set pa am for 
the marker beacons is very simple, comprising a low-power radio- 
frequency oscillator, an audio-frequency oscillator providing grid 
modulation of the radio-frequency oscillator, and a rectifier to per- 
mit operation from the 60-cycle supply. The electrical circuit dia- 
gram for the marker beacon transmitting set is given in figure 16. 
The transmitter is enclosed in a small weatherproofed box for pro- 
tection from the elements and is completely shielded to prevent 
direct radiation. 

The marker beacon transmitting antenna must meet several re- 
quirements. The radiated space pattern from this antenna must be 
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Figure 16.—Electrical circuit diagram of marker beacon transmitting set. 


sharply directive upward forming what is virtually a wall of radio 
signals through which the aircraft passes. In addition, it must be 
possible to control the distance along the line of flight of the aircraft 
over which the signal is heard, thereby securing any desired sharpness 
of definition of a given boundary line. It must also be possible to 
provide marker beacon service for any desired distance along the 
boundary to be defined. The antenna adopted, a long horizontal 
wire, 2 to 6 feet high and stretched transversely along the line of 
flight of the aircraft, satisfies the above conditions. For a given re- 
celving set sensitivity, sharpness of definition is controlled by the 
amount of power fed to the antenna. Service may be given over any 
length of the boundary line by increasing the length of the antenna. 
Thus at Newark, to provide service for any orientation of the runway 
beacon course within the 40° sector, the field marker beacon antenna 
was made 2,500 feet long and the approach marker beacon antenna 
3,500 feet long. Actually the antennas could have been made con- 
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siderably shorter, since considerable radiation is had off the ends of 
this type of antenna which may be used as much as a quarter mile 
from the ends. ‘To eliminate reflection from the ends and consequent 
setting up of nodes at intervals along the antennas, the antennas are 
terminated at each end into 600-ohm resistors. Practically uniform 
service is had when passing over any point of the antennas. 

The marker beacon transmitter and transmitting antenna arrange- 
ment provide great flexibility relative to the radio frequency on which 


ad 















af 
TO ANTENNA POST 


OF BEACON RECEIVING 
SET 














4 5000 
nF 
























<5559 — 
r-# CHOKE 

















10,000 





10,000 10,000 

















+T12Vv 
+220v 
SUTPUT 








| ira 


Ficure 17.—Electrical’circuit diagram of marker beacon receiving set for operation 
on 10,000 kilocycles. 


they operate. The frequency may be anything from 200 to 20,000 
kilocyeles without imposing special features of design and is deter- 
mined solely from considerations of the system as a whole. For a 

plication of the system as outlined in the foregoing description, the 
preferred frequency of operation is of the order of 10,000 kilocycles. 
A special 2-tube receiving set is then required on the airplane for 
receiving the marker beacon signals. A circuit diagram of a suitable 
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receiving set is given in figure 17. The set may be housed in the 
same chassis as the landing-beam receiving set and fed by the same 
power supply cable. The antenna coupling arrangement is such that 
the regular beacon receiving antenna also serves as the marker beacon 
antenna. The tuning and sensitivity of the marker beacon set once 
adjusted, require no further attention except for service checks in 
maintenance of the equipment. 

In a series of tests at College Park the marker beacons were 
operated on the same radio frequency as the runway localizing beacon. 
The need for a special marker beacon receiving set was thereby 
obviated, the marker beacon signals being received on the regular 
beacon receiving set. Close control of the marker beacon power out- 
put was, however, required to prevent overloading of the beacon 
receiving set when the airplane was directly over the marker beacon 
antennas, since such overloading affected the accuracy of the runway 
beacon course indications. The tests demonstrated that this method 
of operation would not prove practicable in service. 

A third scheme of operation was tried in the experiments at Newark. 
In this arrangement the marker beacons operate on the same radio 
frequency as the 2-way communication system (3,105 kc), so that 
the marker beacon signals are received on the communication receiv- 
ing set already available on the aircraft. With provision for auto- 
matic volume control operation of this receiving set, the arrangement 
is entirely feasible from a technical viewpoint. Its use will probably 
be continued for part of the experimental period of the service tests 
at Newark. This method is, however, not practicable for present 
service use of the landing system, since the transport lines using a 
given airport do not all employ the same radio frequencies for com- 
munication purposes. It becomes feasible only when there is avail- 
able an airport transmitter operating on the marker beacon frequency 
and to be used for airport-control purposes only. 


4. MONITORING AND COMMUNICATION SYSTEM 


The landing system is well coordinated with the radio services 
already in use. ‘The use of the airways radio range beacon for locating 
the vicinity of the airport has already been noted and will be amplified 
later on in this paper. The effective use of the 2-way communication 
| net se be apparent from a description of the set-up used at 

lewark. 

In addition to the ground equipment already described, there is 
installed at the Newark airport, in the National Guard Administra- 
tion Building, a monitoring panel and a 2-way communication sys- 
tem. The monitoring panel comprises radio-receiving equipment 
tuned to the runway localizing beacon, marker beacons, and landing 
beam. Visual indicators show at a glance the status of operation of 
each transmitter. The 2-way communication system consists of a 
standard aircraft 50-watt transmitter, operating on 3,105 kilocycles, 
and a suitable receiving set. With this equipment the operator may 
keep in constant communication with the pilot of a landing aircraft. 
Assurance can be given the pilot that the equipment is functioning 
properly (as seen from the monitoring panel), and that the airport 
is clear for a landing. While the control room in which this equip- 
ment is located overlooks the airport, nevertheless, under conditions 
of practically zero visibility, it has proved desirable to station a man 
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at the southwest end of the field to assist in determining that the air- 
port is clear. Remote-control junction boxes are accordingly located 
at this end of the field, which provide direct 2-way communication 
with the landing aircraft as well as interphone communication with 
the control room. The junction boxes and the control cable from 
the National Guard building are shown in figure 3. 

While in the Newark installation the communication service was 
on the same radio frequency as the marker beacons, the service is in 
no way affected if the marker beacons are modified to operate on 
10,000 kilocycles. 


5. COORDINATION OF RECEIVING AND INDICATING EQUIPMENT 


Considerable study was given during the tests of the landing 
system to the problem of minimizing the number of radio controls 
to be operated by the pilot. In addition to the regular tuning and 
volume controls already provided on the aircraft for use with the 
beacon and communication receiving sets, but three switches are 
required. One of these is the volume-control switch which selects 
either manual or automatic volume-control operation of the beacon 
receiving set. The second is the reversing switch for the vertical 
pointer of the combined instrument, provided so that the deflection 
of the pointer and the direction of deviation of the aircraft with 
respect to the course may correspond whether the aircraft is flying 
away from or toward the runway beacon. The third switch is the 
“flight-land”’ switch. In the “flight” position this switch connects 
the horizontal pointer movement of the combined instrument to the 
output of the reed converter so as to indicate the volume of received 
signal in the output of the beacon receiving set. This indication is 
for the purpose of informing the pilot that his receiving set and the 
beacon transmitter are functioning properly. Otherwise the vertical 
pointer, which indicates the beacon course, being of the zero-center 
type, might read ‘‘on-course” with the beacon signal off or the 
receiving set not functioning. In the “land” position this switch 
turns on the landing beam and marker beacon receiving sets and con- 
nects the horizont al pointer of the combined instrument to function 
as the landing path indicator, as described in the foregoing. 

It is interesting to note that with the “‘land-flight”’ switch in the 
“‘flight”’ position, all of the equipment in operation—i.e., the beacon 
receiving set, the reed converter, the combined instrument, the 
volume-control switch, and the course-reversing switch—are useful 
in receiving indications from available visual type airways radio range 
beacons. The equipment added for landing purposes comprises 
merely the combined landing beam and marker beacon receiving set. 

The coordination of the radio instruments with the flight instru- 
ments to provide most convenient use by the pilot constituted an 
important problem. Typical instrument panel arrangements are 
shown in figures 18 (a) and (6). Figure 18 (qa) is for the panel in the 
airplane used for the “hooded” landings, while figure 18 (6) is for 
the panel in the cabin airplane used for demonstration purposes. 
The layout in figure 18 (a) is based on the principle of having, as 
nearly as possible, all the direction indicating instruments in a ver- 
tical row, and all the instruments giving attitude of the airplane in 
a horizontal row. In accordance with this arrangement the com- 
bined instrument (because of its vertical pointer), is placed in 4 
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Ficure 18.—Typical arrangements of airplane and radio instruments on pilot’s 
instrument panel. 














Diamond) Airplane Landing Aids 483 


vertical row with the gyroscopic compass at the top, and the magnetic 
compass ° at the bottom—hidden by the control stick. The horizon- 
tal row contains, from left to right: The tachometer, the air-speed 
indicator, the gyroscopic artificial horizon, the rate of climb indica- 
tor, and the barometric altimeter. These instruments are mounted 
so that during normal flight all the pointers are in the horizontal 
position. Departure of any pointer from this position immediately 
draws the pilot’s attention to the particular instrument giving the 
off indication. To the right of the combined instrument is seen a 
reed indicator, and to the right of that, the distance indicator. The 
location of these instruments is of no particular importance. The 
reed indicator gives the same indication as the vertical pointer of the 
combined instrument and was used by the pilots for check purposes 
only; it is not expected that this instrument will be required in serv- 
ice installations. The distance indicator, being used only occasion- 
ally during a flight, may be mounted in any convenient location. 
Because of limited space, no turn indicator is provided on this instru- 
ment panel, the gyroscopic compass serving for this use. 

In figure 18 (6), the instrument layout is quite different. The 
idea of placing all the attitude-indicating instruments in a horizontal 
row is departed from in order that the important instruments may 
be mounted as close to each other as possible. The need for travel 
of the pilot’s eyes over the instrument panel is thereby reduced. The 
grouping provides better correlation of the vertical pointer of the 
combined instrument with the gyroscopic compass, and of the hori- 
zontal pointer with the attitude-indicating instruments. The mag- 
netic compass is not shown in this view. Its of interest to note at this 
point, that different pilots have different preferences for the instru- 
ment arrangement on the panel. Nevertheless, the proper grouping 
of instruments was found to be of utmost importance to the success 
of the tests on the landing system. It was found, for example, that 
the demonstration airplane was much easier to fly on the landing 
system than the airplane used in the hooded tests. This was because 
of the improved instrument grouping and also because the instru- 
ment panel on the demonstration airplane is at a greater distance 
from the pilot than in the case of the “hooded” airplane, so that 
more of the instruments are focussed in the pilot’s view, thereby 
providing easier coordination. 


IV. OPERATION OF THE SYSTEM 


The operation of the radio-landing system may best be explained 
by outlining several typical examples of its use. 


1. METHOD OF MAKING A LANDING DURING FOG 


Major use of the system will probably consist of facilitating safe 
landings during fog conditions. The term ‘zero ceiling, zero visibil- 
ity’ usually applies to a ceiling height of from 50 to 100 feet and a 
visibility of from one eighth to one quarter mile. Under these con- 
ditions, use of the system is extremely simple, as may be shown by 
an account of an actual blind flight from College Park, Md., to the 
Newark Airport, during which radio was the sole means used for 
navigation. The flight was made on March 20, 1933, as a practical 


+ The magnetic compass is needed only for setting the gyroscopic compass to correct for precession. 
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demonstration of the landing system. The flight crew consisted of 
J. L. Kinney, pilot, W. W. La Violette, mechanician, and the writer. 
The ceiling was so low, upon starting from College Park, that it was 
found impossible to fly below it. Pilot Kinney therefore Taneuvered 
the aircraft to an altitude of 3,000 feet and maintained this average 
altitude throughout the rest of the flight. At this altitude no sight 
of the ground or sky was had except for an instant over Baltimore. 
The fog was like a milky blanket surrounding the aircraft. Guidance 
from College Park to Hadley Field, New Brunswick, N.J., was ob- 
tained through the use of the Washington and Hadley Field sural 
type radio range beacons. After passing through the ‘‘zero-signal”’ 
zone of the Hadley station, the beacon-receiving set was tuned to 
the frequency of the runway beacon at the Newark Airport (278 ke). 
The vertical pointer of the combined instrument showed approxi- 
mately ‘‘on-course’”’, the projection of the northeast-southwest run- 


way at Newark being approximately over the Hadley station. The © 


distance indicator was off-scale, showing that the airplane was more 
than 5 miles distant from the runway-beacon transmitter. The 
“‘flight-land”’ switch was thrown to “‘land”’, thereby turning on the 
landing beam receiving set and connecting the horizontal pointer of 
the combined instrument for operation from the output of this set. 

Flying at 3,000 feet altitude, the horizontal pointer of the combined 
instrument began to deflect, gradually reaching the horizontal ‘‘on- 
course”’ position. ‘This corresponded to a distance of 8 miles from 
the landing-beam transmitter, as determined from the normal landing 
path at Newark. (See fig. 15, graph A.) After communicating with 
the 2-way communication station at the airport to determine that the 
field was clear for a landing, the pilot maneuvered the airplane to keep 
the two pointers intersecting over the small circle in the center of the 
combined instrument dial. This gradually brought the aircraft 
along the runway direction and down the landing path shown in 
figure 15. (See also fig. 3.) Since the wind was from the northeast 
quadrant and of about 6 miles velocity, no particular effort was 
required for staying on both courses. The distance indicator showed 
continuous approach to the airport boundary, and the barometric 
altimeter (while not sufficiently accurate for landing) showed con- 
tinuous approach of the aircraft to ground. When within about 
2,000 feet from the southwest edge of the airport, the high-pitched 
marker beacon signal began to be heard becoming most intense at 
1,700 feet from the edge and receding beyond that point. At this 
stage of the landing the ground became visible for the first time, the 
aircraft being somewhat over 100 feet above the ground. The pilot 
proceeded to land visually. Had the ground not become visible, the 
pilot would have continued at the same engine speed until the low- 
pitched field marker beacon signal was heard. He would then throttle 
down the engine and pull back the control stick so as to be in correct 
position for a 3-point landing when contacting the ground. 

Several modifications of the above procedure for landing might 
arise, particularly at the start of the landing maneuvers, depending 
upon the location of the airways radio range beacon with respect to 
the airport and also upon the direction of flight. For example, in 
the case of a flight from Hartford, Conn., to Newark, N.J., the north- 
east course of the Hadley Field radio range beacon would be followed. 
Since this course passes within a few miles of the Newark airport, the 
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pilot would not proceed as far as the “zero-signal” zone over the 
Hadley Field station, but would tune to the frequency of the runway 
localizing beacon at Newark, at intervals during the estimated last 
30 miles of the flight, until signals from the runway beacon were 
received. He would then employ the course indications from this 
beacon in the standard way for locating the airport and orienting the 
aircraft along the desired landing direction. Again, consider a case 
where the airways radio range beacon is located, say, northwest of 
an airport and a pilot coming in from the northwest direction wishes 
to land due west along the east-west runway. Upon reaching the 
“zero-signal’”’ zone over the radio range-beacon station, the pilot 
would tune his set to the frequency of the runway beacon. Knowing 
the geography of the field, he would circle the runway beacon at 
fixed radius i determined from the distance indicator) and would 
count the number of courses passed through. In this case, the third 
course would be the one he would follow in order to secure the 
desired landing direction. 

Other departures from the landing procedure outlined occur when 
the wind direction is not from the quadrant for which landing service 
is provided. Referring to the Newark airport installation shown in 
figure 3, assume that the ceiling is 100 to 200 feet with a northwest 
wind of 15 to 30 miles per hour velocity. In following the spatial 
landing path, the pilot must now ‘‘crab”’ into the wind in order not 
to drift east of the runway course. The exact angle of ‘‘crab”’ is 
determined by trial and error as indicated in section III (1). Upon 
breaking through the ceiling, the pilot maneuvers the aircraft below 
the ceiling in order to land into the wind. A very interesting example 
of such a landing was experienced during demonstrations of the system 
at Newark on April 6, 1933. Rain and sleet conditions were pre- 
vailing with a ceiling of somewhat over 100 feet. When at about 5 
miles southwest of the airport, the wind was from the southwest 
being quite gusty and attaining a velocity of possibly 40 miles per 
hour. At approximately 3 miles from the airport a wind-shift line was 
encountered, the wind direction changing suddenly to northwest. 
In spite of the gustiness, and the sudden change from a strong tail 
wind to a strong cross wind, the pilot was able to follow accurately 
the indications on the combined instrument. Upon coming within 
sight of the ground (at 100 feet), he circled the field at this altitude 
and landed into the wind. 

Consider another case, where the ceiling is 50 feet or less and the 
wind from the northwest direction, of 10 to 15 miles per hour velocity. 
In following the runway beacon course, the pilot determines the angle 
of ‘‘crab” to compensate for wind drift and maintains the proper 
compass bearing to effect proper wind-drift correction. This com- 
pass bearing is followed until after hearing the signals from the ap- 
proach marker beacon. As soon as the field marker beacon is heard, 
and assuming that the ground is then not in sight, the pilot swings the 
airplane to assume the true compass bearing of the runway, thereby 
preventing running off the runway after landing. It is interesting 
to note that while fog conditions corresponding to this case were not 
encountered during the tests at Newark, many of the hooded landings 
to be described in the following were made with cross winds of from 
10 to 20 miles. The simulated visibility for these tests was, of course, 
absolute zero. 
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2. USE OF SYSTEM IN EVENT OF FAILURE OF ONE OF ITS 
ELEMENTS 





A remarkable feature of the radio landing system is that it is pos- 
sible to shut off any one of its three elements and still furnish enough 
information to permit an emergency landing. 

Assume first that the two marker Ean are not operating. Warn- 
ing of close approach to the airport is then given by the indications 
of the sensitive barometric altimeter (corrected for barometric pres- 
sure and for the altitude of the airport). The pilot following the 
landing beam indications notes that the altimeter shows closer and 
closer proximity to the ground. Obviously, he must be approaching 
the airport. This information permits him to reduce his landing 


speed so that contact with the ground will not occur at too high a § 


speed. 


Next assume that the landing beam is shut off. In this case, one : 
end of the field is defined by the marker beacons and the opposite | 


end by the ‘“‘zero-signal”’ zone over the runway beacon. The run- 
way direction is, of course, also defined. The procedure for landing 
consists in finding the ‘‘zero-signal’”’ zone over the runway beacon, 
then following out the runway course in the direction of the marker 


beacons at, say, an altitude of 1,000 feet. The time taken to reach — 
the marker beacons is then a measure of the ground speed of the air- [ 


plane. Maintaining the same altitude and the same engine speed, 
the pilot continues to follow the runway course in the same direction 
until he computes his position to be, say, 3 miles from the airport. 
The distance indicator serves as a check on this computation. The 


pilot then makes a 180° turn and reduces his engine speed to start a : 


glide which, if begun 3 miles from the airport at 1,000 feet altitude, 
is calculated to land the airplane somewhere near the center of the 
field. The runway-course indications serve to check wind drift, while 
the marker-beacon signals operating in conjunction with the sensitive 
barometric altimeter substitute for the landing beam in giving a meas- 
ure of the height of the airplane as it crosses the airport boundary. 

Finally, assume that the runway localizing beacon is not operating. 
In this case, the desired landing runway direction is approximately 
located from a knowledge of the orientation of the runway with re- 
spect to the main radio range-beacon station and by use of the com- 
pass. Advantage is taken of the directional properties of the landing 
beam receiving antenna to secure more definite orientation along the 
true landing direction. As noted under section III (2), the received 
landing beam signal measured on the horizontal pointer of the com- 
bined instrument is a maximum when the nose of the airplane is 
pointed at the landing beam transmitter and decreases for angular 
departures of the airplane on either side of this heading. The effect 
is purposely broadened to provide minimum reduction for +25° 
change in heading of the aircraft, in order that the pilot does not lose 
the landing beam indications when ‘‘crabbing’’ due to cross winds. 
However, close observation permits noticing the effect for deviations 
of +5°. The landing-beam receiver may therefore also be used as & 
direction finder and, in conjunction with the compass, is capable of 
determining the true runway direction. 

Each of the above three problems were actually worked out in 
flight tests in a hooded airplane. The possibility of effecting a safe 
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landing in spite of the failure of any one of the three elements of the 
system has added materially to the confidence of the test pilots in the 
practicability of the system. 


3. SIMPLIFICATION OF SYSTEM FOR ECONOMY PURPOSE 


The foregoing discussion suggests that it may prove feasible to 
reduce the Riibat of elements of the landing system with a view to 
reduction in cost. This procedure is not considered desirable. The 
indications given by the combination of the three elements are so 
definite and instinctive that breaking up the combination is not to be 
considered except in emergency cases. 

One avenue of economy lies in simplification of the runway localiz- 
ing beacon, the cost of which is estimated as approximately 50 to 60 
percent of the cost of the complete ground installation. One arrange- 
ment suggested is to use an aural type runway beacon. Some saving 
is then obtained in the transmitting equipment and, in addition, the 
need for the reed converter and combined instrument at the receiving 
end is obviated. The vertical pointer of the combined instrument is 
then not required and a simple direct-current micro-ammeter may 
be used for the landing path indications. The lack of sharpness of 
the aural runway course indications, the need for manual control of 
sensitivity of the beacon receiving set as the airplane approaches the 
transmitter, and the lack of automatic coordination of the landing 
path and runway course indications, are disadvantages of this 
arrangement. 

A second and preferable arrangement results in material cost 
reduction without at the same time affecting the service rendered. 
This consists of so locating the airways radio range beacon that one 
of its courses coincides with the major landing direction of the airport. 
Where feasible, the entire cost of the runway beacon is eliminated. 
If the airways radio range beacon is of the visual type, the service is 
in no way altered. This arrangement was tested at Newark, using a 
course oriented along the Newark runway from the simultaneous 
phone and beacon located at Elizabeth, N.J., and was found entirely 
practicable. The beacon service given by the Elizabeth station is 
of the combined visual and aural type described in the June 1, 1933, 
issue of the Air Commerce Bulletin. 


V. PERFORMANCE DATA AND TESTS 
1. TESTS AT COLLEGE PARK, MD. 


The experimental installation at the Newark airport was preceded 
by exhaustive tests at College Park, Md., where the practicability of 
the system was studied by means of flights and landings in an airplane 
equipped with a canvas hood over the pilot’s cockpit (rear cockpit 
of airplane in fig. 6). The first completely blind landing was made by 
Pilot M. S. Boggs on September 5, 1931. Over a hundred hooded 
landings were su atuntly made by Mr. Boggs. A check pilot was 
used in the front cockpit to take care of faulty landings or other 
emergencies. The remarkable accuracy of the system was well 
established by these hooded landings. The landing runway at College 
Park is only 2,000 feet long and 100 feet wide with the approach 
8455—33-—4 
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unobstructed for a lateral distance of only 300 feet. Off the runway, 
the landing field is quite rough. In consequence, the runway beacon 
course had to be made sufficiently sharp to give appreciable off-course 
indications on the aircraft for deviations of the order of 20 feet (at the 
approach end of the field). At a distance of 5 miles from the trans- 
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mitter, a deviation of only 250 feet from the runway course could be | 


detected. The actual shape of the runway course is given in figure 5. | 


Tests over an extended period of time showed the course to be fixed in 
space regardless of weather conditions, 

Obstructions in the approach at College Park also necessitated close 
control of the landing path. To secure a suitable landing path it was 


necessary for the airplane to clear a house chimney located approxi- : 
mately 1,500 feet from the edge of the field by about 8 feet. The © 


necessary fixed landing path was obtained by maintaining approxi- | 
mately constant power output at the landing beam transmitter and 7 


through the use of the landing beam receiving set described in sec- | 
tion IIT (2). Itis interesting to note that from the beginning of use of ff 
this receiving set, no adjustments of receiver sensitivity were required > 


over a period of nearly a year, and that but two receiving-tube 
replacements were made during this period. 


Theoretical consideration shows that the landing path indications : 


should increase in sharpness as the aircraft approaches the ground. 
This was clearly shown in figure 30 of the paper of reference 1. Test 


data taken at College Park corroborate this conclusion. Departures , 


from the landing path of +5 feet could be readily detected when the 
aircraft was over the edge of the field (at 30 feet altitude) while devia- 
tions of +50 feet were apparent at a distance of 3 miles from the 
airport (1,600 feet altitude). 

An extended study was made of the possible effect of varying ground 
conditions due to changes in weather upon the shape of the landin, 
path. The path was found to remain exactly the same under all 
weather conditions with one exception. After a heavy snowstorm in 
February 1933 the ground was covered with about 8 inches of dry 
snow having a hard surface crust. The landing path was then found 
to be raised as follows from the true path indicated by graph B of 
figure 15. At 3 miles distant from the ‘Nending beam transmitter, the 
new altitude was 2,000 feet instead of 1,600 feet; at 2 miles, it was 800 
feet instead of 650 feet; at 1 mile, it was 205 feet instead of 175 feet; 
while at the approach end of the field, it became 35 feet instead of 30 
feet. The landing path could still be followed down to a landing, 
although steeper than usual. Flight tests during the following few 
days showed that the path gradually returned to its normal shape as 
the snow melted, reaching this normal shape as soon as the snow crust 
was dissolved and before spots of ground could be seen through the 
snow. In other snowstorms, the raising of the landing path did not 
occur, probably because of the absence of the peculiar reflecting con- 
ditions from the snow crust obtaining in this particular instance. 


2. DEMONSTRATIONS AND TESTS AT NEWARK, N.J. 


Upon completion of the tests at College Park, it was decided to 
make an installation at Newark to determine the operation of the 
system under the conditions obtaining at a busy commercial airport. 
Other objects of the installation were to focus attention on the prac- 
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ticability of the landing system, to cooperate with manufacturers in 
making the equipment commercially available and to cooperate with 
air transport operators in experimental use of the system. 

The tests and demonstrations at Newark began in February 1933 
* and have continued to date. Two test airplanes were used, one being 
. § equipped with two cockpits for hooded landings and the second, a 
| cabin airplane for demonstration purposes. Besides making a large 
. & number of hooded landings, it was possible to fly at all times when the 

' scheduled air mail and passenger airplanes were on the ground because 
| — of fog. The operation of the system was demonstrated in the air to 
3 many engineers and officials as well as to nearly 100 air-transport 

' pilots. It is interesting to note that not even a minor adjustment of 
» | the transmitting equipment nor of the receiving equipment on the two 
- | test airplanes was required (other than ordinary maintenance), during 
| | the entire period of the tests to date. 

o A few of the more important tests and demonstrations are sum- 
f § marized herewith. 
lj March 1: Pilot Kinney made three excellent hooded landings. Pre- 
» | vailing high cross winds had limited total previous practice under the 
hood to 3 hours. 

March 2: Flight demonstrations of the system were made with 
leading press representatives as passengers during a snowstorm with 
strong cross winds and a ceiling of about 200 feet. 

March 7: Pilot Kinney made 12 excellent consecutive hooded land- 
ings. 

March 14: Numerous demonstration flight tests were made under 
conditions of very low visibility, 100 to 200 feet ceiling. Engineers 
and officials who were given the flight demonstrations lost some of the 
nicety of operation of the system since they could not see their position 


— @C©, ae. > > 


relative to the ground except during the latter portions of the landings. . 
March 15: Pilot Kinney made three solo take-offs and landings a, 

under conditions of very low ceiling and visibility (approximately stl 

50-foot ceiling and one eighth mile visibility). All other flying to or 

from the airport was interrupted at this time. ~ 


March 20: Completely blind flight made from College Park, Md., 
to the Newark Airport. Details of this flight are in section IV (1). ; 

March 31: Pilot Kinney made several demonstration hooded 
take-offs and landings in the presence of moving-picture news-reel 7 
photographers and representatives of the press. Col. Clarence M. > 
Young served as check pilot. 

April 3, a.m.: A representative of the press with some flying 
ability was taken up as check pilot and Pilot Kinney made a hooded 
take-off and landing. 

April 3, p.m.: After a thorough inspection of the ground equipment 
and a preliminary flight in the cabin airplane, Col. Charles A. Lind- 
berg made two hooded landings with but slight assistance from Mr. 
Kinney, serving as check pilot. 

April 4 to 6: Heavy fog conditions occurred on each morning of 
these dates, which interrupted all flying to or from the Newark Air- 
port. Pilot Kinney made a large number of solo take-offs and land- 
ings each morning. On two occasions the fog extended only up to 
about 2,000 feet altitude, above which the sun could be seen. Siill, 
several transport airplanes had to wait on the ground at airports 
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within 100 to 200 miles from Newark until they were assured that the 
fog had dissipated. 

April 6: A demonstration of the system was given in the cabin 
airplane during driving rain and sleet and low visibility. The run- 
way beacon and landing beam course indications were accurately 
followed even though a wind shift line was encountered during the 
flight. Details of this flight are given in section IV (1). 

The system has proved inherently simple to use by pilots. Experi- 
ence indicates that a good pilot, already pci in instrument 
flying, becomes thoroughly acquainted with the use of the landing 
system after about 5 hours’ hood practice. He is then capable of 
making consistent hooded landings which approach very nearly the 
type of landings he would make during good visibility. 

The success of the tests and demonstrations has aroused con- 
siderable interest on the part of air line pilots, air transport operators, 
radio and aircraft manufacturers, and air officials of a number of 
foreign countries. Several radio manufacturers are now actively 
engaged in the manufacture of ground and aircraft radio equipment 
for use with this system. Information has been received that a 
number of the foreign countries are planning experimental installa- 
tions. It is hoped that service tests of the system in this country will 
begin in the near future. 
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TESTS OF THEATRE-PROSCENIUM CURTAINS 
By Nolan D. Mitchell 


ABSTRACT 


Two types of steel curtains, four asbestos cloth curtains, and several kinds of 
asbestos cloth were subjected to fire tests. The single-ply wire-reinforced cur- 
tain of heavy asbestos cloth and the 2-ply curtain of plain asbestos cloth per- 
mitted the tT e of smoke and flame during the test and glowed on the unex- 
posed surface. urtains made of two plies of wire-reinforced asbestos cloth 
separated by a steel frame afforded protection for about 15 minutes against a 
severe test fire. The steel curtains were tested for one half hour and gave indi- 
cation of affording protection for somewhat longer periods. Suggested require- 
ments for inclusion in building codes are available. 
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I. INTRODUCTION 


The theatre-proscenium curtain serves to close the opening through 
which the stage is viewed from the auditorium. Most cities require 
that such curtains be fire resistive because of occasional disasters 
resulting in great loss of life from fires on the stage. There is, how- 
ever, great diversity in the requirements of city building codes with 
respect to the materials, construction, mounting, and operation of 
proscenium curtains. Even within the same city such curtains may 
cover a considerable range in these respects as was disclosed by sur- 
veys and inspections of several of the theatre-proscenium curtain 
installations in three cities. From these inspections the question 
arose as to what kinds of curtains would give the desired degree of 
protection to theatre audiences. The answer could be given, at least 
in part, from the results of tests; accordingly the tests reported herein 
were made. 

Preliminary investigations indicated the desirability of making fire 
tests of as large sections of typical curtain constructions as feasible, 
The tests, therefore, were made by exposing one side of the curtains to 
fire in a large furnace used for fire tests of walls and partitions. The 
tests included two steel curtains and four asbestos cloth curtains, 
Effects of the fire exposure were visually observed during the progress 
of the test, and temperatures on the unexposed surface of the curtain 
as well as in the furnace were measured. Modifications of the equip- 
ment were made to study the behavior of the flexible asbestos cloth 
curtains when subjected to air pressure or both fire and pressure 
simultaneously. ; 


II. FIRE TESTS OF CURTAINS 
1. TESTING EQUIPMENT AND METHODS OF TESTING 


The furnace, which accommodates panels 16 by 11 feet in size, is 
shown in plan and section in figure 1. Two blower fans produced 
the pressures within the furnace and the pull required to lower the 
curtains in the operating tests was measured by means of sprin 
scales attached to the hauling cables. Temperatures were aaaaarel 
with base metal thermocouples, those on the surface of the curtains 
being covered with asbestos paper. 

A schedule of heating was chosen to attain an average indicated 
furnace temperature of 1,700° F. at 15 minutes as compared with 
one hour specified by standard testing procedure! for most other 
classes of building construction. The choice was made because of 
the requirement specified by some cities that one side of such curtains 
must withstand a temperature of 2,000° F. (1,098° C.) for a given 
time without occurrence of temperature on the opposite side above 
some specified point, such as 350° F, (177° C.). The temperature 
rises were as indicated by figures 2 and 3, and it can be seen that 
those for the furnace were somewhat less than intended. 

Two steel curtains, A and B, were subjected to fire tests for periods 
of 30 and 35% minutes, respectively. The four asbestos cloth cur- 
tains were subjected for 15 minutes to fires of the intensity shown by 
the curves in figure 3. Three of them were also subjected to air 
pressure while exposed to fire. 


1 Tentative Standard Specification for Fire Tests of Building Construction and Materials, now before 
the American Standards ion for adoption as American Standard, 1933. 
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2. CURTAINS TESTED AND RESULTS 


The curtain specimens were with one exception as large as the 
panel test frame of the furnace would accommodate. The sizes and 
general details of construction are given in table 1. The test speci- 
mens representative of steel theatre curtains were made as sections of 
actual curtain constructions. The asbestos cloth curtains were de- 
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signed especially for these tests and were heavier and more substantial 
in every way than those usually installed in theatres. With one 
exception they had two thicknesses of cloth. Figures 4 to 9 also 
show some of the details of construction and the methods of mounting 
the curtains for the tests. 
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DETAIL B. SECTION THROUGH GIRDER. 


Ficgure 4.—Elevation and details of steel curtain A, girder type 
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Several factors other than heat transfer through the curtain by 
radiation and conduction influenced the results of the tests. Some 
of them were differences in pressure within the furnace chamber, the 
amount of combustibles in the fabric, or on the surfaces of the cur- 

tain, permeability to 
gases, and the close- 
ness with which the 
edges of the curtain 
iz fitted the test frame. 


2 (a) CURTAIN A 






|F 





i_a This specimen cur- 
tain in all its essential 
details was like the full- 
sized curtains of this 
IF kind used in theatres. 

It consisted of a frame 

fLLVATION ASBESTOS BOARD REMOVED. SECFF. of 3-inch rolled chan- 
be eT nels and light plate and 
— 4 angle girders extending 
PLAN AT DD. from side to side, with 

‘ steel plates forming the 
e 5% =] face of the curtain and 
fy-filler preces spot welded fo flats. y%;,— asbestos mill boards the 

+ /*8 Flats, welded fo Lis. back orstage side. The 
No./4Ga.plate welded to general structure of the 
5%/2*8 tick channel frame ~ test specimen is shown 
in figure 4. 

There was excellent 
resistance to the pas- 
sage of fire and smoke 
and no glow was visible 
on the front side of the 
curtain at any time 
during the test, not- 
withstanding some pas- 
sage of flame around 
the edges and top of the 
curtain where the sheet 
s-; rn stops peepee 

out o ace. eo 

DETAIL E. JUNCTION OF UNITS. paint os he metal face 

Figure 5.—Details of steel curtain B, unit type. Of the curtain was 

charred black in some 
parts but during the test there was no appreciable amount of smoke. 

During the test the curtain deflected a maximum of 1.94 inches 
towards the fire, equivalent to 7 inches center deflection in a 40-foot 
length, and there was local buckling of the faceplates. After the test 
the recovery of all parts to initial alignment was almost complete. 
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(6) CURTAIN B 


This specimen consisted of two units such as are used to construct 
full-size curtains. The units were in the form of long pans, the edges 
of which were made of pressed steel channels welded to steel plates 
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which formed the auditorium face of the curtain. The flanges of 
the channels next to the other face were connected by flat bars at 
intervals of 3 feet to tie the opposite sides of the pans together and 
to support the edges of the 0.4-inch-thick asbestos boards. The 
assembly of the test specimen and its principal details are shown in 
figure 5. 

The bottom and vertical edges of the curtain as mounted in the 
8-inch brick wall built within the test frame were protected by 
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ELEVATION OF FLEXIBLE CURTAIN. 
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DETAIL. OF FLEXIBLE CURTAINS C & D. 
Figure 6.—Details of asbestos cloth curtains C and D. 


mineral wool while the 1-inch space along the top was stopped by a 
eet metal angle so that the top edge was exposed to the furnace 
re, 

Curtain B gave good performance in respect to holding back fire 
and heat and there was little local buckling of the face plates. The 
maximum center deflection in an 8-foot length was 0.3 inch, equiva- 
lent to 7% inches in a 40-foot length. The recovery of the steel work 
from the deflections was as in the previous test, almost complete. 
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The asbestos boards on both curtains A and B buckled away from 
the fire at their centers, a few of them cracked, and all lost the greater 
part of their strength but remained in place during the test. 


(c) CURTAIN C 


This curtain was made of two separate curtains mounted on the 
pipe and cable frame shown in figure 6. The stitching twine was 
3-ply asbestos reinforced with two no. 33 B. & S. gage brass wires. 
The seams joining the widths of cloth were double, the lap of the 
cloth being 1% inches. 

The priming or filler coat for the cloth-curtain decoration con- 
sisted of 1 part glue to 4 parts water with whiting and ocher added 
to give sufficient body. The coating was applied hot. The decora- 
tive coats were of 1 part glue to 9 parts water with equal parts of 
whiting and yellow ocher to give sufficient color body. 

One minute after the fire test was started flames came around the 
sides of the curtain and under the bottom. From an initial pressure 
of approximately 1 lb./ft.? the pressure within the furnace rose rapidly 
during the first part of the test due to fire; at three minutes it was 
2% lb./ft.2 and at 6 minutes it had reached 2% lb./ft.2 The cables 
attached to the bottom of the curtain had been made fast after the 
initial pressure from the fans had been applied with the top damper 
open. At 12 minutes after the start of the test with the damper still 
open, the force tending to lift the bottom batten as measured by the 
two dynamometers was 119 pounds. The pressure within the furnace 
at this time was approximately 2 1b./ft.2.. At 13 minutes after the 
start, because of the heat and strain, the cable holding the top right 
hand coraer of the curtain broke allowing the batten to drop about 
18 inches leaving an opening of about five square feet. This reduced 
the pressure to about % lb./ft.? and prevented application of addi- 
tional pressure at the end of the fire test. 

Soon after the start of the test the paint began to burn, giving off 
large volumes of black smoke, and at 11 minutes the surface of the 
cloth was glowing at the left side. When the curtain was removed 
from the furnace 3% hours after the close or the fire test the asbestos 
cloth was very brittle and broke along the sides, even with careful 
handling. 

(d) CURTAIN D 

Curtain D (fig. 6) was of the flexible type and consisted of a single- 
ply asbestos cloth with monel metal wire reinforcement. The mount- 
ing and paint were almost identical with that of curtain C. The wires 
trussing the bottom pipe batten were exposed to fire but all other por- 
tions of the cable and pipe framework for the curtain were covered 
with asbestos cloth. The total weight of the curtain and frame was 
293 lb., 1.44 lb./ft.,? the marginal members bringing the weight some- 
what above the unit weights ordinarily encountered in practice. 

Within a half minute after the start of the fire test, clouds of smoke 
came around the sides of the curtain and between the bottom batten 
and frame. The paint soon began to flake and fall off, the bare spots 
glowing briefly, probably because of the remaining combustibles. At 
4\4 minutes the paint had flaked off large areas of the curtain and the 
first steady glow of the curtain was observed at about five minutes. 
At 10% minutes the curtain was glowing over about a third of its area 
and at 12 minutes more than half of the area was glowing brightly. 
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The glowing area increased until the end of the test. At 13 minutes 
50 seconds the damper was closed and the pressure within the furnace 
increased to 4.1 lb./ft.2 without causing any breaks in the curtain. 
When pressure up to 3 Ib./ft.? was applied during the test, large quan- 
tities of gases and smoke leaked through the open mesh of the cloth. 

Although this curtain had sufficient strength at the end of the fire 
test, the performance was in other respects not satisfactory. Dense 
smoke and glowing spots developed more quickly than with the double- 
ply curtain of plain asbestos cloth and the final glow was more pro- 


nounced. 
(ec) CURTAIN E 


Curtain # had a frame of rigid members on the two vertical edges 
and the top and a comparatively flexible bottom member. The 
asbestos cloth curtain reinforced with monel-metal wire previously 
tested as curtain E was placed on the side to be exposed to fire. The 
unexposed side was of new asbestos cloth reinforced with brass wire. 
Details of the curtain are shown in figure 7. The side members, which 
consisted of two angles and a plate, were fitted with roller-bearing 
trolleys running in sheet metal tracks. The sizing and paint coats 
were of the same kind as used for the previous curtains, but had less 
glue in the priming coat. This curtain was designed and built after 
the two previously described had been tested with the object of over- 
coming their more serious defects. 

During the first 1% minutes of the fire test the damper at the top 
of the furnace was closed. This produced, with the single blower fan, 
a pressure of about 1% lb./ft.? While this pressure continued, smoke 
and flame were forced through an opening between the curtain and the 
frame at the lower left corner. At 2 minutes after the start of the 
fire the decorative paint was burning on the face of the curtain. 
There was not as much smoke from the glue in this paint as from that 
used in the previous tests nor was it dense, and at 5 minutes after the 
start the smoke was very much less in evidence than while the damper 
was closed. 

The second fan was started at 8% minutes and sounds were heard 
as of cloth tearing. At the center of the curtain glow was soon 
noticed, which increased slightly but covered only a small part near 
the center seam of the curtain. ‘This curtain had only a marginal 
frame to keep the two plies of cloth apart and when subjected to the 
pressure from the fans, they were probably in contact near the middle. 
The cloth next to the fire was found, after the test, to have a tear about 
30 inches long at the crease which had been made in folding the 
cloth after its removal from curtain D. If the new cloth had been 
used on both sides for this curtain it would undoubtedly have with- 
stood the test better. Not only had a large part of the water of 
crystallization of the asbestos in the cloth on the fire side been driven 
off in the previous test, but the cloth was also more open to the 
passage of gases. 


(f) CURTAIN F 


The frame of curtain F was made of structural-steel shapes and 
pipes joined and trussed to form a relatively rigid structure on which 
were mounted the two plies of cloth (fig. 8). The seams were vertical 
and the’ plies were stretched tightly on the two sides and lapped 
around the edges of the frame to form an extra protection for the 
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channel. While in actual installations asbestos cloth curtains having 
pipe frames of semirigid construction are mounted on I-beam tracks 
with ball-bearing trolleys attached to the sides of the frame, in the test 
the trolleys were replaced by guides cut from *-inch steel plates. A 
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DETAIL. OF SEM! RIGID CURTAIN E. 
Ficure 7.—Details of curtain E. 


rigid type of frame mounted with sliding shoes on guide rails, resulting 
in less pull against the guides and proscenium wall than with the 
semirigid frame with the trolley mounting, is more generally used in 
recent installations. 
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Figure 9.—Curtain F during fire test. 


Smoke leaking under bottom. 
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The sizing and decorative coats were a casein and sodium silicate 
paint developed for the purpose because of the unsatisfactory behav- 
ior of the paints made with animal glue. 

The fire test was conducted in the same manner as the others 
except that the air pressure was less. A small amount of smoke 
issued from under the lower left corner of the curtain at 1 minute 
47 seconds after the start of the test because of a deficient bottom 
seal. At 1 minute 50 seconds the paint on the outer face of the 
curtain began to smoke and turn a reddish brown color and at 5% 
minutes (fig. 9) nearly all the surface was brown. The smoking of 
the face of the curtain was not serious but there was leakage of flame 
and smoke along more than half the length at the bottom. The 
rise of temperature of the furnace had been more rapid than for the 
previous tests of asbestos cloth curtains. At 8 minutes the smoking 
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Figure 8.—Details of the frame of curtain F. 



































of the surface had ceased and within another minute there was no 
smoke coming under the curtain. At 9 minutes the flame was passing 
downward between the top of the curtain and the test frame, causing 
low at this opening. At 12 minutes there was a slight glow in the 
ower right corner of the panel where the paint had not entirely filled 
the interstices in the cloth. At the end of the 15-minute test no more 
glow was visible than at 12 minutes. The expansion of the steel 
members sheared off the }-inch diameter bolts and rivets fastening 
the ends of the guide rails and guard plates at the edges of the curtain. 
There was no passage of flame around the vertical edges of the curtain, 
but.a better closure along the bottom and top than this curtain had 
during the test was indicated as desirable. The results with this 
curtain were better than those obtained with the three other asbestos 
curtains mainly because of the positive separation between the plies 
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of the cloth, the better sealing of the vertical edges against the passage 
of flame, and the use of a decorative paint having only a small pro- 
portion of organic matter. 


(é) COMPARATIVE PERFORMANCE 
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The resistance of the several curtains to the transmission of heat 
can be judged qualitatively by comparing the ratios of the rise of the 
average surface temperature during any period from the beginning 
to the average furnace temperature above its initial temperature 
maintained during thet period. The values of this ratio, R, for all 
six of the curtains have been plotted in figure 10. The difference 
between the curves for 
curtains A and B can be 
wa attributed largely to the 
09 5— exposure of the edges of 
/ curtain A to higher tem- 
j peratures than was the 

mS L ° 
7TN 7 case with the smaller cur- 
ee Se & tain B. A part of the dif- 
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MINUTES points where measure- 

Ficure 10.—Ratio of rise of surface temperature of ments on the surface of 
curtain to averge maintained temperature of fur- the curtain were made. 
nace above its initial temperature. In general, however, the 


ratio gives a fair measure of effectiveness in resisting heat flow. 
With respect to the protection afforded by the steel curtains, the 
tests herein reported confirm the results of tests made at Under- 
writers’ Laboratories, Chicago, soon after the Iroquois Theatre fire. 
Regarding these tests, John R. Freeman in his paper, ‘On the Safe- 
guarding of Life in Theatres”, says: “It was plain to all who witnessed 
these tests that the sheet-steel curtain, protected with some asbetic 
material on the fire side, possessed far greater strength than the 
simple asbestos. The thin sheet of steel, moreover, cut off the view 
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of the fire that was apparent through the texture of the asbestos 
canvas. 

“With care given to the design of the guides and fastenings at 
edges and top, so that after it was lowered the curtain could not be 
pulled out by warping, buckling, smoke explosions, or pressure of 
air, the steel curtains would have a value to the fire underwriter that 
no asbestos curtain can possess, and would probably hold a fire on 
the stage from entering the auditorium.’’? 


III. OPERATING TESTS OF CURTAINS 


Since some of the theatre curtains inspected during the survey 
would not close when subjected to small lateral forces, it was thought 
advisable to investigate this phase of the problem. Accordingly, 
the two asbestos cloth curtains mounted on pipe and cable frames 
and held between vertical cable guides were rigged in the panel frame 
for operating tests (fig. 1). 


1. EQUIPMENT AND METHODS 


Two 500-lb.-capacity spring scales were attached to the steel 
cables used to pull the curtains down over the opening in the test 
panel. (See fig. 1.) The pressures were produced by two small 
blower fans discharging into the combustion chamber of the furnace. 
All the openings around the test panel frame were stopped with mortar 
and the top of the furnace closed with an iron damper; but because 
of air leakage through and around the curtain and through the furnace 
walls the maximum pressure which could be developed in the furnace 
against the curtain was 4.6 lb/ft.? notwithstanding the fact that the 
fans were capable of developing static pressures up to 25 Ib/ft . 

For measuring the friction of sliding metal shoes against metal 
guide rails a piece of steel elevator guide rail was set horizontally 
and metal blocks or shoes, held in the bottom of a wooden block from 
which various weights were suspended, were drawn over it with a 
small windlass, the pull required being measured with a spring scale. 


2. SLIDING FRICTION OF CURTAINS AND GUIDES 


(a) OPERATING TESTS OF ASBESTOS CLOTH CURTAINS 


The operating tests were planned to determine the friction when 
air pressure was applied to the asbestos cloth curtains. The guide 
rings on the vertical edges of the test curtains ran smoothly on the 
guide cables and the counterweights were adjusted so that little force 
was required to lower or raise the curtains. In the first tests with 
curtain C the cloth was allowed to rub against the brick and concrete 
surrounding the opening over which the curtain was hung. After- 
wards slideways made of three-eighths inch iron pipe were provided 
at the vertical sides of the opening to reduce the friction. It will be 
observed that such slideways were not found in actual installations 
but were introduced here to determine the decrease in friction. 

Coefficients of friction varied widely, but the average ranged 
between unity and one half. With pipe slideways the coefficients 
of friction were less than two thirds those found in the first tests. 


2 On the Safeguarding of Life in Theatres, John R. Freeman, Trans. A.S.M.E., vol. 27, 1906. 
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The large friction factors found in these tests were in keeping with 
the observations made in connection with the operation of curtains 
in theaters, where slight lateral pressures arrested the descent of 
curtains of this type. 

The raising and lowering of curtain EF showed that the roller- 
bearing trolleys moved within the closed track very easily, but due to 
the lack of internal diagonal bracing the curtain would bind when one 
end was lowered faster than the other. The time allowed for the 
tests did not permit correction of this defect and therefore the operat- 
ing tests and friction measurements could not be made. As trolleys 
were not used in mounting curtain F,, no tests were made to measure 
the sliding friction of this curtain. 
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(6) RESULTS OF FRICTION TESTS OF METAL BLOCKS ON GUIDE RAILS 


The tests of metal blocks sliding on steel rails gave widely varying 
results, as if was not possible to secure guide rails with surfaces of 
uniform frictional properties throughout their length. The values 
in table 2 have been selected as suitable for use in the design of cur- 
tains and curtain rigging. The factors for rolling friction have been 
taken from other sources,’ while those for sliding friction were taken 
from the results of the tests and in most cases have been checked 
against values reported by others. 


TABLE 2.—Friction of proscenium curtain guides 











Mil. colled steel rail! | Machined steel rail 
Required Required 
Surface Lubrication underbal- | Goo. | Underbal- 
pets ang lance, pound) Giant of |#nce, pound 
of friction | per square pert} per square 
foot of friction foot of 
opening opening 
Roller or ball bearing wheel trolleys-_-...-- po Raps EEes? 0. = 20.15 0. 025 20. 125 
sas : : I ln de - 25 1. 25 . 20 1, 00 
Metal sliding shoes on steel guide rails___-_- Sheen es 12 0. 60 “10 "50 
Asbestos cloth on rounded steel rail........| Nome. ----- . 65 Ef RSRRRR Ss 
Asbestos cloth on rough brickwork --~--....-|....- Sa TR Be EE’ RS Y § Gee Sea 




















1 The underbalances are the difference in weight of the curtain, including chains and lifting cables below 
sheaves, and the counterweight with its fastenings, cables, etc. The underbalance should be proportioned 
to the size of the curtain opening and should vary with the type of curtain mounting used. A lateral pres- 
sure on the curtain during closure of 5 pounds per square foot is assumed. 

2 It is recommended that underbalance less than 0.2 lb/ft. ? never be used. 


IV. FIRE TESTS WITH DECORATIVE PAINTS 


The three curtains, C, D, and E, were unsatisfactory in that large 
volumes of dense smoke were given off from burning paint and com- 
bustibles in the cloth. Smoking began soon after the fire was lit in 
the first two tests and was in such quantity in all three tests that it 
might have caused a panic if coming from a curtain in a theater. A 
paint which would give off less rowre was therefore sought. 


*Mechanical Engineer’s Pocket Book, Kent, 10th Edition. 











eee i tl 


low 
ned 
res- 


ge 
m- 


i it 








Mitchell} Tests of Theatre Curtains 507 


1. TESTING METHODS AND RESULTS 
(a) BUNSEN-BURNER TESTS 


Eighteen tests were made by painting pieces of reinforced asbestos 
cloth with dyes, casein, animal glue, or sodium silicate paints, and 
with combinations of some of them, and subjecting limited areas to 
a bunsen flame. The dyes gave the most pleasing appearance and 
the least smoke, but the combination of casein and sodium silicate 
with mineral pigments, although giving more smoke than the dyes, 
seemed more satisfactory from the standpoint of filling the interstices 
of the cloth. 

(b) PANEL TESTS 


Six 5- by 40-inch panels were then prepared so that comparison of 
the smoke given off could be made by exposing three parallel panels 
to a furnace fire at a time. The three panels were painted on a 
single piece of cloth and exposed directly to the furnace fire in one 
test. In the other test two plies of cloth were used, one on which 
the panels were painted and the other, filled by painting with two 
coats of sodium silicate and mineral pigment, was interposed between 
the test panels and the fire. 

As in the small tests, the dyed panels again gave the least smoke, 
but the glow of the fire could be seen through the open mesh. The 
paint in which animal glue was used gave a black smoke and in the 
greatest volume. The paint composed of casein, sodium silicate, 
whiting, and ocher gave a bluish-colored smoke intermediate in vol- 
ume between that from the other two panels. This paint was ad- 
judged the most suitable of the several tried. The most satisfactory 
proportions tried, those used on curtain F’,, were as follows: 

4 pounds powdered casein. 
4 pound carbonate of soda. 


10 pounds sodium silicate solution (commercial water glass, specific gravity 
1.38) 


20 pounds whiting and powdered yellow ocher mixed. 
Water sufficient to give the desired consistency. 


V. TESTS OF ASBESTOS CLOTH 


1. STRENGTH AND STRETCH TESTS 
(a) EQUIPMENT AND METHODS 


Gas flames were used to heat the cloth in trial tests, but, as neither 
control nor measurement of temperature was satisfactory, electric 
heating was adopted. The necessary heating elements and temper- 
ature-measuring devices were added to a Scott horizontal textiles 
testing machine. Temperatures were measured by means of chromel- 
alumel thermocouples and a portable potentiometer. Stretch of cloth 
was measured by means of a scale and a pointer attached to the 
specimen at points 3 inches apart, after an initial pull of 3 pounds 
had been applied. 

The specimens for strength and stretch tests were all cut 6 inches 
long by 1% to 1% inches wide and then raveled to a definite number 
of threads in width for 1 inch as determined by thread counts over 
5 inches or more width of cloth. For those specimens which were 
stronger at the elevated temperatures it was necessary to notch each 
side at the center to obtain the break within the heated region. 
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(b) ASBESTOS CLOTHS 


Eleven of the twelve samples of asbestos cloths tested were of 
white, chrysotile asbestos, a hydrous silicate of magnesia, and one 
was of the African or Cape blue, crocidolite asbestos, an iron-sodium 
silicate.* 

Eight samples had wire reinforcement in the yarns. The char- 
acteristics of the various cloth samples are given in table 3. 


TaBLE 3.—Characteristics and strength of asbestos cloths 






































| ee 
| | Number of | Strength per | Strength per| Strength, 
| strands per } cies rt : 
(Ww eight “sega | inch (width) strand weight ratio 
Sam- Kind ory . inch Area of | 
le per ind of cloth and rein- wire per 
ple | square | forcement per strand |——— ous vee snr se 
no: | yard | ru. | "4 | Fill- Fill Fill 
al , : r - a - 
Warp ing | War P| | ing Warp ing Warp ing 
oor nme iii orice | wets eo ei 
Lb. | Sy. in. | Lo. | Lb. | Lb. | Lb. | Lb. | Lo, 
1 2.44 | Plain__._- ae fe hie 88 40 4.2] 3.6 35. 7 16.0 
2) 3.05 a laa two no. 36 | | | 
it a | 1445} 10%| 0.00002 | 161 | 77] 11.1] 7.3] 528] 25.2 
3] 2.29) Plain Attic van blue......| 18 4 uae 159 8.8} 44] 69.5] 13.5 
4| 4.31 | Reinforced two no. 30 
|} monel k 16 y . 000068 | 302 175 18.9 119.4} 70.0] 40.7 
5 3.06 | Reinforced one no. 30 | | 
nichrome. ------- -| 16 9 | .000072 | 212 | 137 | 13.2] 15.2) 69.3] 448 
6 5.21 | Reinforced one no. 30 ni- | 
chrome........- ae i 8 | .000072 35: 199 | 22.1 | 24.9] 67.9) 38.2 
7 28 fF Teak... <5 , ; 2} ll Bp nde 141 82 7.0 7.5 55.7 32.4 
8 4.61 | Reinforced two no. 32 | 
monel curtains D and | 
Cee spa wis sete t | 16 7 | .000048 312 116 19.5 | 16.6 67.7 25. 1 
9 3.28 | Reinforced two no, 32 | 
brass wires “ |} WZ 9 . 00005 206 113 12.1 | 12.6 63. 4 34.4 
10 2.77 | Reinforced two no. 34 | 
nickel in warp. One | | 
| no. 34in filling_-_- 17 8 .00003 | 213 95 12.5 | 11.9 76.9 34.2 
11 | 3.14] Reinforced two no. 33 | 
RATES 8 | .000044 | 198 92 12.4} 11.5 63. 1 29.3 
12 22 Sein oe ee ae ae S4 30 4.0 2. 21.7 7.8 
| | | i | 

















| The ratio is derived by dividing 1 the strength (Ib./in. width) by the weight (lb. lyds 2). 
(c}) STRENGTH TESTS AT ORDINARY TEMPERATURES 


The tests were made at room temperature which varied from 70° 
to 80° F. (21° to 29° C.). The values found show large variations, 
but for direct comparison of strength the last two columns of table 3 
are most significant.’ In these columns the relation of strength to 
weight of cloth has been given. While some of the white (chrysotile) 
plain asbestos cloths show low strength compared to the wire-rein- 
forced cloths, on this basis the warps of the blue (crocidolite) plain 
asbestos cloth compared favorably in strength with the reinforced 
chrysotile cloths. 


(d) STRENGTH AT ELEVATED TEMPERATURES 


The strength of most of the samples listed in table 3 were also 
determined when heated in an electric furnace. The results are given 
in pounds per inch width in figure 11. There was an increase of 
strength of chrysotile a cloths with increase of temperature up 
to approximately 300° C. (572° F.) after which there was a rapid 

‘ The reader is referred to Non-Metallic Minerals, by Raymond B. Ladoo, for information on the occur- 
rence, mining, preparation, and uses of the several asbestos minerals. 


5 Compare with values given by Freeman, “On the safeguarding of life in theaters.”” Trans. A.S.M.E. 
vol. 27, p. 110, 1906. 
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reduction of strength with further increase of temperature. The 
white unreinforced asbestos cloths when heated above 400° or 500° C. 
(752° or 932° F.) lost a considerable part of their strength, but the 
wire-reinforced cloths lost comparatively little strength until temper- 


Jests of Ware 
+3 oF Fil 





7, % 0 FO wo 200 
Asbestos Clots, 277Lb. Asbestos Cloth, 06 Lb. Asbestos Cloth. S4Lb Asbestos Cloth, 
metal Wire Reinfercem’. Vicke/ Wire Reinforcement. Nichrome Wire Reinfarcem’ Brass Wire Reinforcement. 





Strength in pourds pe 
‘ 





Oo #0 2 ? 
2.36 Lb. Chrysotile(Candia 244Lb Chrysotile Asbestos 2291Lb. Croddblite (African) 325Lb Asbestos Cloth, 
Asbestos Cloth Cloth Asbestos Cloth Brass Wire Reirn 


Figure 11.—Strengths of asbestos cloths when subjected to heat in an electric furnace. 


atures exceeding 480° C. (906° F.) had been reached. There was 
marked contrast between some of the plain and reinforced cloths in 
this respect. Blue asbestos cloth lost strength after temperatures of 
100° C, (212° F.) had been exceeded. Thestrengths of both plain and 
reinforced cloths were small at temperatures above 900° C. (1,652° F.). 
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TABLE 4.—Strength of cloth samples cut from tested curtains 








ee Strength after test Percent of 

original 

Weight strength 
per Warp | Filling remaining 


Curtain Kind of asbestos cloth square 


yard | Warp | Filling 





Fill- 
ing 


Aver- | Mini- | Aver- | Mini- 


age |mum| age | mum | ¥®P 


Lb. =| Lb. in. |\Db. in. |Lb. in. | Db, in. |Lb. in, | Lb. in. 
2 3 














Sg ARE EE VS ed Best 2. 53 141 82 125 3 62 89 75 
6 RE SEG eae eee 2. 53 141 82 46 3 29 3 33 35 
E(a)!._...| Brass reinforced._--.....-- 3. 28 206 113 135 64 72 26 66 66 
E(6)3_...- Monel reinforced__-.----.--- 4. 61 312 116 83 9% 46 4 27 40 
F(a)!_._..| Brass reinforced__-------- 3. 14 206 103 191 130 85 48 93 82 
F(6)3__..- Nickel reinforced_-_----._- 2.77 236 87 82 5 42 1% 35 48 


























1 Ply of cloth not exposed to fire. 
2 Ply of cloth exposed to fire. 
3 This cloth had been subjected to two 15-minute fire tests. 


(e) STRENGTH OF CLOTH FROM TESTED CURTAINS 


After the asbestos cloth curtains had been tested in the large furnace 
nine samples of cloth were cut from each ply of each curtain, excepting 
curtain D, and subjected to tests for strength and for stretch. Sam- 
ples of the unburned cloths were tested for tensile strength for com- 
parison purposes. The results of these tests are given in table 4. It 
will be observed that samples of the cloth reinforced with brass wire 
were taken from double curtains and only from the side which was 
not exposed to fire, and hence had relatively high strength. The 
samples with nickel and monel metal wire reinforcements were taken 
from the fire-exposed sides only, the latter having been subjected 
twice to the 15-minute fire test. 

The breaking strengths as determined by the tension tests do not 
indicate the brittleness of the samples. For example, many pieces 
from curtain C were broken while being cut from the larger samples of 
burnt cloth. The asbestos fiber of some of the wire-reinforced cloths 
was easily broken with slight bending. 


(f) STRETCH OF ASBESTOS CLOTHS 


The characteristic stretch of plain and metal reinforced asbestos 
cloth as determined on seven unburnt cloths is shown by the curves in 
figure 12. The filling strands in each case give an almost exact 
straight-line relation of stretch to load, while the warp has a somewhat 
greater initial rate of stretch. This can be explained as due to the 
greater sinuosity of the warp threads in the finished cloth. 

Measurements of the stretch were also made on burnt samples of 
cloth from curtains C, HE, and F. Generally there were six test 
pieces of each, warp and filling, from each location. The stretch of 
all of the cloths, except that reinforced with monel-metal wire, was 
found to have been reduced by the heating. 


2. PERMEABILITY TO AIR 


Tests for permeability to air were made on samples of cloth with 
pressures from 1/2 to 5 lb./ft.2. Some of these cloths were also given 
two coats of paint to fill the interstices to determine what improve- 
ment in resistance to air flow was obtained. 
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The apparatus for measuring permeability to air consisted of a 
cylinder with a flanged end to which a sample of the cloth could be 
clamped with the other half of its companion flange. The openings 
through the flanges were of two sizes. One was of 22.7 in.” area for 
testing the less permeable specimens, and one of 5.7 in.’ for testing the 
cloths of open weave. Air was supplied to the cylinder through a posi- 
tive displacement type gas meter and the pressure was measured by a 
water-column manometer. Samples 1 and 6, table, 3 were the least 
permeable. Under pressure of 2 lb./ft.? these samples passed one half 


asbestos 


387 and 256/bs per 





is) 


wire reintarced 
weight 277 1bs.persq. 


: 8 


- 


wire reinforced 


cloths wh 328.and 34 lbs. 


a 


& 


Stretch in inches per irich of lengrtt. 
o 


R 


Mone! metal, asbestos 
40. i yd. 


O 50 100 150 200 250 300 
Pullin pounds per irich Of widtt?. 


Figure _12.—<Stretch of asbestos cloths. 






0 


cubic foot of air through‘each square foot of area. !'Samples 7, 8, and 
12 passed about twice as‘much, and the other samples passed quanti- 
ties ranging from{7,to{35 times as much air under the same conditions. 
Painting with two coats of suitable fillers reduced the permeability, 
at 2 lb./ft.? pressure, to 1% cubic feet per minute, which is considered 
satisfactory for service in theater curtain installations. 

The paint used on curtain F was found to be effective for the pur- 
pose. Many paints other than those used would, undoubtedly, be 
suitable for filling the cloth. However, casein or other pliant binder 
to prevent cracking and dusting is essential with the more open cloths. 
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TaBLE 5.—Analyses of asbestos cloths 


Carbon | Cotton | Cotton 
in resi- | in fibers | in cloth 
due of com- com- 


Rein- | Extract- 


Kind of cloth Weight | forcing | ed by 








lb./sq. yd.| Percent | Percent | Percent | Percent | Percent 
. 60 3. 6 
. 68 
"7 F 
Brass reinforced | $05 25. 0 1.2 ‘is 
Plain crocidolite (African blue) au 2 None tans: oa 
” . 64 
39.8 w "68 
27.1 4 . 84 
16.3 
None | 


23. 4 


Plain chrysotile 2. 44 None 1.9 


| 
| metal | ether | fibers | puted | puted 


Monel reinforced _ ._--..---.-- 
Nichrome reinforced 
Pe eee eee ee ee 


} 
| 
tim ‘ | 
Plain (curtain C)___- os : 
Monel metal reinforced (curtains A 
| 
| 
| 
| 
| 
' 














and £)...-- 





9 | Brass reinforced (curtain £) -- 25 | 34.3 
10 | Nickel reinforced (curtain F) 
11 | Brass reinforced (curtain F) ------ 
Ge, | Sete Bomee Seay © ; ce 


2.77 28.9 | 
.14 35. 6 | 
3. 87 None 
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3. TESTS FOR SOLUBLE AND CARBONACEOUS MATERIALS IN 
ASBESTOS CLOTHS 


The test apparatus for the determination of the carbon content of 
the various asbestos cloths after the ether-soluble content had been 
extracted was like that described in vol. 22, part I, of the Proceedings 
of the American Society for Testing Materials, pp. 580-582, and the 
carbon content of the extracted fibers was determined by the standard 
combustion method described on page 578 of the same volume. 

The results of the determinations are given in table 5. All carbon 
on the extracted residue of the fiber has been considered as derived 
from cotton in the proportion of 445 parts carbon to 1,000 parts 
cotton. No determination was made of the composition of ether- 
extracted materials, but they were presumably oils and greases from 
the wire-drawing and fiber-spinning processes. The crocidolite (Afri- 
can blue) asbestos had very little ether-soluble and carbonaceous 
substances. All the samples were of low cotton content. 


VI. CONCLUSIONS 


The surveys of curtain installations and the tests reported herein 
have led to the following observations with respect to the several 
types of curtains and their effectiveness. Recommended require- 
ments for curtain installations have been formulated.® 


1. FIRE RESISTANCE 


The purpose of the fire-resistive curtain is to close the proscenium 
opening against the passage of fire and smoke into the auditorium in 
dangerous or alarming amounts. The single-ply asbestos cloth curtain 
as found in many installations might screen stage fires from the audi- 
ence under the less severe conditions, but unless supplemented by 
effective vents above the stage would permit ready flow of smoke and 
gases into the auditorium. They would show glow quickly if sub- 
jected to flames. Drafts and light winds lift the botton from the 
floor and moderate air pressures or winds might tear them from their 





t Copies of “‘ Recommended Requirements for Theater Proscenium Curtains’? may be obtained by appli- 
cation to the Bureau of Standards, Washington, D.C. 
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mountings. None were adjudged to give adequate closure when 
exposed to severe fire or draft conditions. 

Proscenium openings can be adequately closed against severe fires 
for periods of 15 minutes with a curtain composed of two plies of 
3% pound wire-reinforced asbestos cloth with positive separation be- 
tween the plies, such as in test curtain F, and of sufficient strengh to 
resist the pressures encountered under fire conditions. 

Steel curtains of the types tested form effective barriers against 
fire for one half hour or more and do not glow or pass smoke and gases 
in objectionable amount during this period. 

Asbestos, although incombustible, is seriously injured by high 
temperatures. Only wire-reinforced asbestos cloth should be used 
for structures exposed to fire and where strength and integrity are 
essential. Asbestos cloths having wires of nickel or nickel alloys 
spun in the yarns were found to have higher strength at high temper- 
atures than those having brass wires. Cloths used for theater pros- 
cenium curtains need filling to prevent the flow of smoke through the 
weave. Mixtures of casein and sodium silicate were found to be 
more suitable as a vehicle for the paint used for this purpose than 
animal glue which has been much used but which gives off quantities 
of dark smoke when exposed to fire. 


2. OPERATING MECHANISM 


Whatever the type of proscenium curtain, the mechanism for oper- 
ating it should be both simple and reliable. The better devices for 
emergency lowering operate without the use of power sources other 
than gravity, and some of them operate in the same manner for the 
regular lowering of the curtain. As a part of this mechanism there 
should be some device for automatically closing the curtain when the 
temperature of any large part of the stage exceeds some predeter- 
mined safe limit. 

The frictional resistance of some of the curtains on which observa- 
tions were made was very high. The descent of the single-ply asbestos 
cloth curtains was arrested by very slight pressures. Heavy bottom 
battens or positive means of hauling the curtains down would be 
required to close them when subjected to heavy drafts or wind. 
Except for small curtains, guides having little friction were indicated 
as necessary for reliable operation under conditions that may occur 
with fire. 

Whatever the type of curtain or operating mechanism, reliable 
means of ventilation for the discharge of flame, smoke, and gases are 
necessary to the safety of the audience in the event of serious stage 
fires. 
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ABSTRACT 


The confusing and apparently contradictory literature on the electrodeposition 
of chromium from trivalent and bivalent salts was critically examined and perti- 
nent experiments were performed. 

The main obstacle to obtaining bright deposits at high efficiency is not, as 
formerly supposed, in keeping the solutions of trivalent chromium violet; that is, 
preventing the formation of green undissociated molecular ions; but in main- 
taining a low concentration of hydrogen ions and a high concentration of 
chromium ions in the cathode film. The use of chromous salts or of chromic 
complexes does not circumvent this difficulty. The chromic acid bath is in- 
herently superior to those containing chromium in the lower valence states. 
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I. INTRODUCTION 


All commercial chromium plating is conducted in chromic acid 
baths, in which the chromium is sexivalent and is deposited with a 
low cathode efficiency. Bright deposits are obtained only over a 
limited range of current density and the throwing power is poor. It 
has been believed that this relatively poor performance is asso- 
ciated with the fact that the deposition occurs from the higher state 
of oxidation, and that better results would be obtained with lower 
states of oxidation. A bath of the latter type would more closely 
approximate the usual plating bath, whose performance leaves little 
to be desired in the case of nickel, zinc, and iron. A large number of 
investigations have been made on the deposition of chromium from 
the lower states of oxidation, but no such baths are at present in 
commercial use. 

The purpose of this investigation was to consider critically the 
contradictory literature on this subject and to make further experi- 
ments that appeared to have promise. To warrant adoption, any 
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new type of chromium bath should be at least equal, or preferably 
superior, to the chromic acid bath in the following respects: (1) It 
should produce deposits that are bright, or which can readily be 
buffed bright; (2) it should produce such deposits over a fairly wide 
range of temperature and current density, and preferably at room 
temperature and at a relatively low current density; (3) the cathode 
efficiency should be at least equal to 15 percent as calculated for 


sexivalent chromium (which is equivalent to only 7.5 percent for | 
trivalent or 5 percent for bivalent chromium); (4) the baths should | 


be inexpensive, simple, stable, and easily controlled. 

Failure to describe accurately the deposits obtained probably 
accounts for some of the contradictions in the literature, and espe- 
cially some of the very high cathode efficiencies that have been 
reported for good plate. Dark, spongy, or impure deposits are prac- 
tically useless for electroplating. Although the above requirements 
are very moderate, especially in view of the limitations of the present 
chromic acid baths, the net result of this survey and research is the 
conclusion that they are not met by any bath thus far developed, 
and there is little reason to believe that thay can be met. 


II. HISTORICAL REVIEW 


Chromium was first deposited from the trivalent state by Junot (1).' 


Bunsen (2) worked with a chromous-chromic bath in a porous pot | 


and obtained a bright deposit at an elevated temperature and a high 
current density. He emphasized the importance of the chromous 
ion. Placet and Bonnet (5) patented the use of trivalent chromium 
baths with lead anodes. In some of their patents the addition of 
alkali or alkaline earth chlorides was specified. Moeller and Street 
(3) worked at elevated temperatures with a concentrated solution of 
chrome alum to which a large amount of sodium sulphate was added. 
A diaphragm was employed and efficiencies of about 40 percent were 
obtained. Cowper-Coles (4) used a similar system in which the bath 
consisted of an acidified chromic chloride solution. Fereé (6) also 
used a highly acidified chromic chloride solution and obtained very 
pure metal. From concentrated solutions of chromic chloride and 
potassium chloride, he obtained good deposits on platinum with 45 
percent efficiency. Neumann and Glaser (7) obtained steel-gray 
metal from solutions of the sulphate and chloride in a porous pot 
with efficiencies of about 50 percent. They found that elevated tem- 
peratures were detrimental to the character of the deposits. On 
carbon cathodes they obtained an efficiency of 85 percent. Chromic 
acetate was found to yield poor results. LeBlanc (8) was unable to 
prepare chromium by the- methods of Placet and Bonnet, but with 
porous pots he obtained traces of metal. The baths that he found 
satisfactory can be regarded as acidified chrome alum solutions. 
Carveth and Mott (9) made a rather extensive research on deposition 
from solutions of chromic chloride and chromic sulphate in porous 
pots. They proved the importance of chromous ions in their baths. 
They found that high temperatures were detrimental to the character 
of the deposit and to the efficiency of deposition. They reported 
efficiencies varying from 10 to 50 percent, with good deposits at 
efficiencies around 30 percent. Dony-Henault (10) analyzed the 


1 The numbers in parentheses here and throughout the text refer to the bibliography at the end _ of the 
paper. 
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data of Carveth and Mott and concluded that the detrimental tem- 
perature effect reported was due to the formation of the green form ? 
of chromic salts at elevated temperatures. He therefore predicted 
that successful deposits would depend on the chromic ion being in 
the violet form. This idea seems to have captured the imagination 
of electrochemists and has often been employed by them as a requisite 
of the desired solution. Voisin (13) was unsuccessful in repeating 
the work of Placet and Bonnet, but succeeded in duplicating Fereé’s 
results. Sigrist, Winkler, and Wantz (17) stressed the importance 
of a diaphragm for the best results. From a chemical analysis of the 
deposits they concluded that the chromic acid bath is superior to 
baths of trivalent chromium. 

Traube, Burmeister, and Stahn (18) worked with chromous solu- 
tions and obtained very impure dark deposits, but with high efficien- 
cies. Pamfilov and Fillippuichev (24) used basic chromic sulphate 
solutions at room tompeeoeere and obtained fair results; the maxi- 
mum efficiency found was 25 percent. . Britton and W estcott (28) 
investigated sulphate and chloride solutions, both with and without 
diaphragms. They confirmed many of Carveth and Mott’s results 
but failed to obtain their high efficiencies. An approximate analysis 
of the deposits showed them to be very impure. They recommended 
the use of a diaphragm and the addition of alkali salts, and empha- 
sized the importance of the control of the hydrogen ion concentration. 
Fuseya and Sasaki (26) worked with trivalent chromium baths and 
reached the oonahaion that for successful deposition the green form 
of the salts must be used and that the acidity must be regulated. It 
is noteworthy that they recommend the use of green rather than vio- 
let salts. Pamfilov and Federov (31) carried out experiments similar 
to those of Pamfilov and Fillippuichev but with plates instead of 
wires as cathodes, and obtainedjpoor deposits and very low efficien- 
cies. Britton and Westcott (32) followed up the ideas developed in 
their first research and investigated chromic acetate and complex 
tartrates and oxalates. The results were very unsatisfactory except 
with ammonium chromi- oxalate, which had been previously shown 
by Mazzuchelli (25) to give good deposits but with very low effi- 
ciencies. With sdasdinek “citrate baths Yntema (33) obtained very 
good deposits. Liebreich (16) recommended the use of alkaline 
chromites. 

As it is not certain that the investigators who got good plate really 
obtained deposits that were of commercial quality, it was considered 
advisable to investigate the problem from this point of view. Atten- 
tion was therefore focused on the cathode processes, and in particular 
on the conditions for the best deposits. The above-cited literature 
indicates that both violet and green forms of chromic salts may be 
used, and that the chromous state is important. The solutions must 
be slightly acid and should preferably contain a large amount of 
alkali salt. For best results a diaphragm must be snghdved. 





? For example, the violet chloride eam 20)«} Clg, is transformed by heating into the green compounds 
{Cr (H20)sCl] Ch; and [Cr (H20)4Cig] C 
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III. BATHS CONTAINING SIMPLE TRIVALENT SALTS 
1. THEORY 


The chemistry of trivalent chromium is complex and no one theory 
will explain the electrodeposition from all the possible compounds. 
The principal compounds existing in neutral and moderately acid 
aqueous solutions may be considered to fall into four classes. 

Class I. The trivalent chromium exists as the violet hexa-aquo ion, 
[Cr(H,0),.]***, in conjunction with anions that do not exhibit a 
marked tendency to form molecules or molecular ions at room tem- 
perature. When the temperature is raised, an irreversible transfor- 
mation occurs, which may be partial or complete. The resulting 
form may be a complex electrolyte (a positive molecular ion), an 
undissociated molecule, or a colloid. This behavior is known to 
occur with the chloride, bromide, and sulphate. The fluoride can be 
made to undergo the transformation but not by merely heating. 

Class II. The violet hexa-aquo ion exists in conjunction with anions 
that do not exhibit any marked tendency for the formation of the 
green form even when the solution is heated. This class is exemplified 
by the nitrate,’ perchlorate, fluosilicate,* and fluoborate.’ Molecules 
and molecular ions containing the chromic ion and the negative 
radicles are absent. 

Class III. The hexa-aquo ion is in equilibrium with a highly dis- 
sociated molecular ion. The only known member of this class is 
chromium dichromate. 

Class IV. The trivalent chromium is bound strongly with the 
negative radicle to form undissociated molecules or negative molecular 
ions. The fluoride and sulphate give rise to this condition in special 
instances, but it is more frequently encountered with the organic 
anions such as acetate, oxalate, tartrate, and citrate. 

The simple trivalent chromium salts are members of classes I and 
II. There has been a difference of opinion whether the violet or the 
green salt is preferable for electrodeposition from trivalent baths; 
both sides have brought forth apparently incontrovertible evidence. 
The majority of electrochemists assume that the violet form is 
necessary and that the difficulty of chromium plating is in keeping 
the salt violet. This idea owes its origin to Dony-Henault, whose 
original statement was, however, based upon false premises. He 
made this assumption to account for the fact that Carveth aad Mott 
found that the baths operated at temperatures above 50° C. were 
inferior to those operated at lower temperatures. Dony-Henault 
pointed out that this is consistent with the fact that the green form 
is favored at high temperatures and the violet at low. It so happens 
that the puce ° form of chromic chloride employed by Carveth and 

3 Strictly the nitrate is intermediate between classes I and II. 

4 According to the author’s theory (34) of chromium deposition from the chromic acid bath, any anion of 
this second class is ineffective as an addition agent (as a substitute for sulphate). It would appear, there- 
fore, that the proposed use (29), (30), of the fluosilicate in such a capacity is contrary to thetheory. As 
emphasized in one of the patents (29) the fluosilicate merely acts as a source of fluoride, which latter is an 
effective addition agent. The instability of chromium-fluosilicate was first established by Recoura (14). 
The apparent effectiveness of the fluosilicate ion as an addition agent to the chromic acid bath was first 
reported by Miiller (20). 

5 That this ion should exhibit this characteristic is in accordance with the isomorphism of the Laptee 
and fluoborate, as brought forth by Wilke-Dorfurt (19). It is interesting to note that the stable anions in 
this class are the ones that give the most satisfactory lead deposits, perhaps because they do not form mole- 
cules or molecular ions that include lead. This shows that complex ions are always not necessary for good 
deposits, though they are used in many plating baths for petting the best deposits 


6 The lavender anhydrous chromic chloride whose solution can be effected only by employing chromous 
salts as catalysts. 
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Mott is known to give [CrCl,(H,O),)Cl when dissolved. The sulphate 
which they employed was green. Most of the work has been done 
with the green salts, as they are the most common. 

If the development of the proper bath (as has been suggested) 
merely depends on finding a salt that always remains violet, the 
solution of the problem would consist in selecting the most practical 
salt of class Il. The electrochemically unstable nitrate and per- 
chlorate’ are ruled out. The fluosilicate is likewise eliminated for 
reasons presnney, mentioned. Accordingly, then, the logical salt to 
use would be the fluoborate. 

In considering the principles of deposition from trivalent baths we 
shall assume a system in which only the simple, violet hexa-aquo 
chromic ion is present; the green form and the chromous ion are 
absent. The process of electrodeposition from such a system consists 
in effecting a reaction with a positive free energy change, the mini- 
mum value of which is given by the standard free-energy change. In 
actual electrolysis, the true value will be markedly different owing to 
polarization, but the relation of the free energy to that of another 
similar reaction of a different metal will not change appreciably. 
This amounts to saying that that portion of the polarization which is 
not dependent on the hydrogen overvoltage will be approximately 
the same for all systems considered. If this may be considered a 
close approximation in this case, it gives an illuminating picture of 
the results to be expected and which are actually found. Hence, if 
we compare the zinc and nickel baths with the case in hand, we 
— be able to show whether plating at high efficiencies is at all 
possible. 

The energy of deposition of zine is considerably higher than that 
of nickel. However, zinc possesses a high hydrogen overvoltage 
compared to that of nickel. Therefore, although zinc may not flash 
as well as nickel, once the cathode is covered with zinc the latter can 
be deposited with as high an efficiency as nickel. The situation with 
trivalent chromium is somewhat different. Its free energy of depo- 
sition is intermediate between that of nickel and zinc. Its hydrogen 
overvoltage * is even lower than that of nickel, hence, unlike zinc, it 
cannot be deposited with as high an efficiency as nickel with the 
same pH prevailing in the bulk of the solution. It is not possible to 
calculate the hydrogen-ion concentration of the cathode film from 
overvoltage data or from pH determinations in the bulk of the 
solution. There is little doubt, however, that in zinc and nickel 
deposition a hydrogen-ion concentration as low as 10~° prevails. 
We shall assume conservatively that it is a 10-°. It is then possible 
to show from the standard electrode potentials of chromium (—0.5v) 
and of nickel (—0.23v) that a hydrogen-ion concentration of not 
greater than 107* must exist in the cathode film before chromium can 
be deposited efficiently. This condition is impossible with an easily 
hydrolyzed ion like the violet chromic ion, which is completely 
precipitated at a hydrogen-ion concentration of about 10°. 

The question arises as to just what differences are to be expected 
between the violet and green forms of class I, and as to whether the 
green compounds present a means of circumventing the difficulty. 

’ At the high current densities that must be employed in chromium deposition. 


§No cofiente values of the overvoltage on chromium have been reported, but experience in chromium 
Plating indicates that it is considerably below nickel. 


8455—33—6 
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The usual pH determinations indicate (erroneously) that the green | 
form is more readily hydrolyzed than the violet. Actually, however, 
the violet salts are more highly hydrolyzed than the green, which is | 
demanded theoretically by the fact that the violet ion is more highly § | 
charged and has a smaller radius. The erroneous result is due to 

the formation of extraneous basic salts. If, as Bjerrum (11) has 
done, steps are taken to eliminate them or to use data that do not 
involve them, the hydrolysis constants fall in the expected order. 
The differences in free energy between the violet and the green forms Ff 
have never been extensively measured, but the differences in heat § 
content have been. Unfortunately this is a type of reaction in which 
Thomson’s rule cannot be used to estimate the free energy change 
from the heat content change. However, as the two forms are coex- 
istent and as equilibrium can be established between them, it follows 
that the free energy difference is small and of such a sign that the 
green form is favored at temperatures of 50° C and above; the violet 
is preferred at lower temperatures. This is in accordance with the 
few measurements of Demassieux and Heyrovsky (23). From a 
consideration of the hydrolysis constants, it might be concluded that 
with green solutions it should be possible to operate with a lower 
hydrogen-ion concentration than with the violet. However, it is an 
experimental fact that the point of precipitation of the hydroxide is 
roughly independent of whether the violet or green salts are used, 
This is caused by the fact (shown by Bjerrum) that the transition 
from the green to the violet form involves a basic salt as an inter- 
mediate step. 

It follows from this analysis that no material advantage can be 
gained by working with the green salts. If, as will be shown later, 
the performance of the bath is largely dependent on the accumulation 
of chromous ions, the violet form should give better results than the 
green because, as Traube and Goodson (15) have shown, the efficiency 
of reducing trivalent chromium to the chromous state is much higher 
for the violet than for the green form. At room temperature the green 
form is more difficult to reduce than the violet form, even though it 
represents a higher (presumably more active) energy state. The 
explanation of this behavior lies in the modern interpretation of the 
process of electrolytic reduction (27). If we have two systems repre- 
senting equal energy states, the reduction of the form that approaches 
the closer to the cathode occurs the more readily. At all events, 
there is no indication that baths having high efficiency are realizable 
with any members of class I or class IT. 













































(2.) EXPERIMENTAL WORK 


As stated, the primary aim was to see whether a trivalent bath 
could be developed which is comparable to the chromic-acid bath, 
The definition of the proper conditions for obtaining a bright deposit 
was largely empirical. Having once located the range of conditions 
of best deposits for a particular solution, the temperature, concen- 
tration, current density, and acidity were altered, in order to find 
the optimum conditions for obtaining a satisfactory deposit. 

In order to test the common assumption that a permanently 
violet bath should give good deposits, a solution of chromic fluoborate, 
which had been predicted and shown to be a member of class II, was 
studied. Unlike most violet salts, the fluoborate, as expected from its 
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similarity to the perchlorate, is extremely soluble and there is little 
doubt that it is a strong electrolyte. The useful life of this bath (and 
of any trivalent chromium bath) was extremely short, because by its 
hypersensitivity to traces of heavy metals like copper.’ Copper 
cathodes were generally used. The bath was about 1.8 M in tri- 
valent chromium and contained free fluoboric acid, the concentration 
of which was varied to produce pH values from 1 to 3. No sulphate 
was present. It was established that bright chromium could be 
deposited with free acid, corresponding to a pH of 1.3 at 40° C. and 
20 amp/dm?. These deposits were ‘“‘white’’, in comparison with the 
blue chromium obtained from the chromic-acid bath. The cathode 
efficiency of the best deposits was about 3 percent. There is little 
doubt that these conditions represent roughly the best performance 
of this bath. It is to be noted that the best deposits were obtained 
at rather high current densities. It was found that the plating range 
was exceedingly narrow, and that uniformly bright deposits could be 
obtained only when extreme precautions were taken to insure an 
even current distribution over the entire plate, which was done by 
shielding the edges. The oxidation of trivalent chromium was high 
at the magnetite anode, much higher than that found with the chrome- 
alum solution. There was nothing in the large number of experi- 
ments performed to indicate that the chromic fluoborate was 
markedly superior to other chromic salts such as potassium chromic 
sulphate. 

More extensive experiments were made with potassium chromic 
sulphate solutions. Preliminary experiments showed that it was 
difficult to obtain good deposits from solutions of this salt alone. 
It was necessary to add an alkali salt (sodium sulphate), and free 
acid, which required the use of high current densities. As indicated 
in the introduction, operation at a low current density would be 
particularly desirable. For this reason, a rather extensive study was 
made of baths with a low acid content, but the quality of the deposit 
deteriorated as the acidity was reduced. Hence the operation of a 
trivalent chromium bath at low current density does not seem feasible. 
A Haring cell (21) was employed on these experiments to get uniform 
current distribution. The most satisfactory solution found tontained 
100 g/l of KCr (SO,)2.12H,0, 300 g/l of Na,SO,, and 12 g/l of H.SQ,. 
Bright deposits with a cathode efficiency of 6 percent were obtained 
at 30° C and at about 9 amp/dm?. These deposits were almost of 
commercial quality,’® but they were somewhat pitted and a perfect 
plate was never obtained. Even this result was difficult to obtain 
on account of the extremely narrow plating range. Variations of 
5 percent from the optimum current density gave a completely dull 
deposit. The dull deposits were, however, fairly uniform in texture. 
The usual deposits obtained under the optimum conditions had a 
blotched appearance with dull and bright areas on various sections 
of the plate. A few uniformly bright deposits were obtained, but the 
unusually narrow plating range could not be widened by any 
variations. 

As the development of a high-efficiency bath from simple trivalent 
salts is fundamentally unsound, further work in that direction was 





* This fact would limit the commercial application to steel and nickel-plated objects. No other investi- 
gator seems to have called attention to this fact. It is possible to ruin the best bath by merely letting the 
copper cathode stand in the solution for a short time. 

10 Those deposited on a 5 base left a dark residue on solution in acid, while those on nickel did not. 
This dark material is undoubtedly caused by the copper and not by any inherent property of the bath. 





‘ 
i 
r 
¢ 
i 
i 














522 Bureau of Standards Journal of Research [Vol. 11 


abandoned. The narrowness of the plating range can be readily ex- 
plained if we assume that two processes are effective. It is only 
under extremely restricted conditions that two such widely divergent 
systems as chromic and chromous salts can be expected to yield a 
bright deposit. A variation of efficiency with time of operation of 
the bath was observed by Carveth and Mott and by Britton and 
Westcott (28). This effect was undoubtedly caused by the accumula- 
tion of chromous salts on continued electrolysis. It was not ob- 
served in the experiments reported here, in which no diaphragm was 
used; obviously such an effect will be small in the absence of a dia- 
phragm, because the accumulation of a strong reducing agent like 
chromous ion would be impossible with an insoluble anode in the 
solution. If the presence of the chromous ion increases the efficiency, 
it might be desirable to use an entirely chromous solution. 


IV. BATHS CONTAINING CHROMOUS SALTS 


Chromous salts might be advantageous for two reasons, first, the 
energy required for deposition is lower, and second, the cathode film 
can reach a lower hydrogen ion concentration without precipitation 
of the hydroxide. Although no data exist on the hydrolysis of the 
chromous ion, it is likely that, as a bivalent ion, it hydrolyzes consid- 
erably less than a trivalent ion like the chromic. These two factors 
would assist in the attainment of a higher efficiency. However, it 
can be shown by reasoning similar to that already employed that 
there is no promise of an efficiency approaching that of nickel depo- 
sition. 

Bunsen (2) obtained bright deposits from a chromous solution. 
Traube, Burmeister, and Stahn (18) got poor deposits from pure 
chromous solutions, but with very high efficiencies. Carveth and 
Mott (9) obtained high efficiencies, and stated that good deposits 
could be obtained with an efficiency of 30 percent. However, Britton 
and Westcott (28) failed to find such high efficiencies. The discrep- 
ancy can be readily explained by differences in technique. Carveth 
and Mott employed parchment separators whereas Britton and West- 
cott used ordinary clay ones. It is known that silica surfaces catalyze 
the oxidation of chromous ions by hydrogen ions. Further, Britton 
and Westcott stirred their solution, which is certainly not conducive 
to the accumulation of a large concentration of chromous ion. The 
use of concentric electrodes, which give good current distribution, 
leads to better results, as Pamfilov and Federov (31) have shown. 

The first experiments were done with green chromiz sulphate ™ in 
the cathode chamber, and with an auxiliary cathode of carbon.” An 
alundum porous pot was used, and the anode compartment con- 
tained either sodium sulphate or sulphuric acid or both. The entire 
apparatus was placed in a closed container through which carbon di- 
oxide was passed continuously. The oxygen evolved at the anode 
was allowed to escape directly. The volume of liquid in the cathode 
compartment was three liters and that of the anode, 300 ml. With 
this relatively large apparatus, the conditions of plating were fairly 
constant. The initial concentration of chromic sulphate was three 
molar. Although no analysis was made to determine the degree of 

11 Chromic chloride could not be used (in the apparatus employed) on account of the free chlorine which 


forms at the anode and diffuses to the cathode where it prevents the accumulation of chromous ions. 
12The usual lead cathode cannot be used on account of the poisoning action of the lead on the deposit. 
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reduction, this was certainly much higher than could be obtained 
with open vessels. The best results were obtained with neutral 


» chromic sulphate in the cathode and sodium sulphate in the anode 
' compartment. Even the best bright deposits had a dark sheen on 
' them. The most striking feature was that the plating range was 


still extremely narrow. Bright deposits were obtained at 10 amp/dm? 
at 30° C. and the efficiency was 3 percent on the basis of bivalent 
chromium. 

Solutions of pure chromous sulphate were prepared by dissolving 


» electrolytic chromium in sulphuric acid in a closed apparatus with the 


air displaced by carbon dioxide. The first solution was 1.5 M in 


' chromous sulphate and 0.05 Ninfreeacid. A saturated solution of so- 
» dinm sulphate was used in the anode compartment. Again the bright 


plating range was found to be very narrow, in fact no entirely bright 


§ plate was produced. At 30° C., the best deposit was obtained at 30 
»' amp/dm?. The efficiency for a dull plate at a current density just 
| above that for the bright plate was 12 percent for trivalent, or 8 per- 
> cent for bivalent chromium; for the bright plate it must have been 
| lower. 


A more nearly neutral solution was obtained by adding insufficient 


| acid to dissolve all the chromium. The salt concentration was ap- 
| proximately the same as in the previous case. From this solution no 
» metal was deposited but merely brown chromous oxide. 


Experiments under widely different conditions failed to reveal any 


) wide plating range for chromous solutions, although high efficiencies 
| were readily obtained for dull, impure deposits. Itis at least probable 
that the reported high efficiencies for chromous or partially chromous 
> solutions were obtained under conditions that gave commercially 
' unsatisfactory deposits. 


The surprising similarity in behavior between the chromous and 


_ chromic baths may be readily explained if the possible processes are 
| considered. When conditions at the cathode permit the deposition 
' of metallic chromium, the chromous ion is in a state where it can 


readily undergo exchanges of energy with the cathode; that is, it can 
be reduced by electrons from an external source. These same condi- 
tions permit the chromous ion to undergo any other chemical reaction 


| that may be hindered in solution, but which may occur on the sur- 


face of the cathode. There are two such reactions, (a) the auto- 
oxidation and reduction of chromous ion (3Cr**+-—>Cr+2Cr***), and 
(b) the reaction between chromous ion and hydrogen ion (Cr*+ + Ht 
Crt+*++ %H.). Thermodynamic evidence shows that the first reac- 
tion is insignificant, but that the second is not, as it has a standard 


| free energy change of —9 kg calories. It is known that the oxida- 
tion of the chromous ion by the hydrogen ion can be influenced by 


surface catalysts, particularly metals of a low hydrogen overvoltage. 


| It has been shown (12) that the rate-determining step is the rate of 
| diffusion of the solution to the metal. Since the cathode accelerates 
| the frequency and ease of contact by virtue of its negative charge, 








and for the same reason work is put into the system, the reaction will 
occur very much more readily at a cathode than on an uncharged metal. 
It is hence impossible to obtain chromous ions on the surface of any 
metal, such as chromium, which possesses a low hydrogen over- 
voltage, without the production of a relatively large amount of 
chromic ions. Therefore the performance of the chromous bath will 
be similar to that of the chromic. The only essential difference is 
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that the chromous bath can be operated at higher current densities 
without the production of green oxide. This condition does not 
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make an acid chromous bath promising. There are three ways for 


possible improvement: (a) to employ a base metal of a high hydrogen 
overvoltage, (b) to use very high current densities, and (c) to operate 









} 






at a high pH. The first is automatically excluded by the properties 


of chromium, the second is undesirable, and the third is, as has been 
shown, impracticable. 


V. BATHS CONTAINING COMPLEX CHROMIUM 
COMPOUNDS 


Various possible methods of circumventing the difficulty that makes 
the operation of the simple trivalent chromium bath unfavorable as 
compared with the chromic acid bath have been discussed. Britton 


and Westcott (32) were quite aware of this difficulty, so they proposed Ff 
to employ complex salts (members of class IV) of trivalent chromium f 
which can exist in alkaline solutions without precipitating the hy- f 


droxide. This idea presents, according to Britton and Westcott, a 
valid means of circumventing the difficulty. However, the low metal 
ion concentration that makes the precipitation of the hydroxide 


difficult also makes the reduction of the trivalent chromium more | 
difficult. This is an inescapable thermodynamic fact. Although no 
material improvement in efficiency can be expected, it may be that 


wider plating ranges can be obtained. 


Britton and Westcott worked with chromium acetate, tartrate and 
oxalate. With ammonium chromi-oxalate they could obtain good § 


deposits over a rather wide range but at very low efliciencies (less 


than 1 percent). The other solutions were worse than the simple § 


~ 
f 


salts. Mazzuchelli (25) has shown that such a bath would work, but § 


at exceedingly low efficiency. There is a recent patent (22) which 
purports to describe a successful chromium chloride bath. This bath 


was apparently designed following the axiom of Dony-Henault. To { 
obtain violet solutions the inventors added nitrate (which is likely to § 


eet 


be reduced to ammonia) and oxalic acid. Ammonium salts were ff 
also added. Apparently the color of the chromi-oxalate was con- ff 
fused with that of the violet hexa-aquo ion. There is little doubt § 


that the resulting bath reached a state in which it was principally 
the ammonium chromi-oxalate. The character of the deposit and 


the exceedingly low efficiency obtained in experiments on their 


baths confirm this conclusion. 


Yntema (33) recommended the use of citrates. This work was 3 
repeated. The best deposits were lustrous, but dark, and the efli- f 


ciencies were less than 1 percent. 


VI. COMPARISON OF RESULTS WITH THE CHROMIC ACID 
BATH 


A comparison of the trivalent chromium bath with the chromic 
acid bath will make clear why it seems improbable that a trivalent 
or bivalent bath can be designed which will be superior to the sexival- 
ent bath. In a previous paper on the theory of chromium deposition 
(34), it was pointed out that the reduction of chromic acid to metal is 
an even more probable process thermodynamically than the liberation 
of hydrogen. That is, if it were possible to construct a reversible cell 
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which would be capable of yielding all possible degrees of reduction 
of chromic acid in their proper thermodynamic order, we would find 
chromium metal coming out before the liberation of hydrogen. 
With the trivalent state, the situation is the reverse, hydrogen would 
be liberated before the deposition of chromium. ‘This argument is 
based on the plausible theory that in the chromic acid bath reduction 
occurs directly from the sexivalent state. A research is now in 
progress to confirm this hypothesis. 

Further, it was proved that the deposition actually occurred with 
the cathode film quite acid (pH approximately 3). Thus we see that 
the deposition of chromium from a strong oxidizing agent presents a 
means of circumventing the difficulty that renders the trivalent bath 
impracticable. There is no doubt that trivalent chromium, under the 
conditions of acidity that obtain in chromium deposition from the 
chromic acid bath, would yield a current efficiency which would be 
considerably lower. That is only possible with a strong oxidizing 
agent. The difference between the chromic acid bath and the tri- 
valent bath is exceedingly large when looked at from this point of 

view, and we do not see how any manipulation of the controllable 
factors can overcome this enormous difference. 

If a superior chromium bath is to be made it will not lie in the 
direction of lower states of oxidation. 


VII. CONCLUSIONS 


(a) Simple trivalent chromium baths yield poor deposits at low 
efficiencies. The bright plating range is exceedingly narrow; (b) 
Chromous baths give results which are similar to those of the trivalent 
baths; (ec) The use of complexes in order to solve the difficulties 
inherent in the trivalent bath is unsound; (d) The chromic acid 
bath is inherently superior to solutions containing lower valence 
compounds. 
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THE UTILITY OF THE SPARK TEST AS APPLIED TO 
COMMERCIAL STEELS 


By R. W. Buzzard 


ABSTRACT 


Typical spark streams of plain carbon steels, a variety of alloy steels including 
S.A.E. steels, nitrided steel and cast iron are described and illustrated. Definite 
spark stream characteristics were found in the steels studied for each of the 
alloying constituents, chromium, manganese, molybdenum, nickel, tungsten, and 
vanadium. 

A supplementary study was made of the appearance of the metal pellets col- 
lected from the spark streams of the various types of steel. The presence in the 
steel of chromium, molybdenum, silicon, or vanadium in some cases imparts 
characteristics to the pellets which may aid in the identification of the steel. 

The spark test may be depended upon as a means for classifying steels into 
groups of similar composition, but cannot be successfully used as a means of 
identifying an unknown steel. 

On the basis of the data given by the combined spark test and pellet test a 
sorting chart has been prepared. This chart indicates the possibility of sorting 
by the spark and pellet tests over 2,100 combinations of two steels of a total of 
2,500 possible combinations of any two steels in the chart. 
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I. INTRODUCTION 










The difference in the sparks produced by applying steels of different 
compositions against a revolving abrasive wheel was first described 
in 1804.' Relatively little detailed information, however, has since 
been published. The published records which have appeared, with 
two exceptions,” * have used written descriptions or drawings to 
record the results of the study of this phenomenon. It is the purpose 
of this paper, which summarizes the results of the application of this 
method of testing to a wide variety of steels, to emphasize points 
often overlooked in the use of the spark test, to present photographs 
of representative spark streams,‘ as well as to discuss some new aspects 
of the subject. 

The spark test is limited to two fields of application; namely, (1) 
for inspection and, (2) for sorting of unknown steels from a lot of steel 
of known chemical composition. The test cannot be depended upon 
for identifying steels of unknown composition; such determinations 
can be made only by chemical analysis. 




































II. METHOD 
1. EQUIPMENT 


The equipment required is relatively simple. A }-horsepower 
motor, weighing about 8 pounds, operating at a shaft speed of 15,000 
rpm was used in this work. An abrasive wheel of alundum (41S) 
1% inches in diameter and %-inch thick was mounted on the shaft. 
The working peripheral speed of the wheel was about 5,000 fpm. 

Colored glasses should be worn, as constant observation of spark 
streams with the unprotected eye is harmful. The color of the glass 
is not so important. It must be of sufficient density to relieve eye 
strain, but as light as possible so it will not obscure the characteristics 
of the spark stream. 





2. PHOTOGRAPHY 


Either a motion-picture camera or an ordinary camera for single 
exposures can be used successfully for such photographs as are repro- ff 
duced in this paper. Since a good photograph was more a matter of § 
chance than of skill, a motion-picture camera was regularly used so 
that more individual records could be made with greater ease and 
speed, and thus give a larger number of photographic records from 
which to choose. It was necessary to use a fast lens with a fast pan- 
chromatic film. Extremely rapid exposures were out of the question 
as it was desired to record the entire trajectory of some of the particles. 
Short time-exposures were made against a dark background to allow 
the stream to expose itself. 


3. NOMENCLATURE OF SPARK TRAJECTORY 


In describing spark streams various investigators have used differ- 
ent terms. To make it easier to follow this description, the outstand- 
ing characteristics have been indicated on typical photographs as 
follows: 





1de Manson, Jacques, Traité du Fer et de l’Acier, Paris, 290 pp., 1804. 

2 E. Pitois and J. D. Gat, Sparking of Steel. Chemical Publishing Co., 1929. 

3 W. G. Hildorf and C. H. McCollam, Classifying Steels by Sparking, Metal Progress, Feb. 1933. (The 
author refers the reader to this paper for recommended practice for the routine application of the spark test.) 
‘ Photographs for record only, all routine spark testing is by visual examination. 
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The general spark stream characteristics typical of carbon in steel 
as shown in figure 4, the “‘flower burst” in figure 10, the ‘‘spearpoint’”’ 
in figure 21 and the ‘‘jacketing effect” in figure 25. 

The plain carbon steels were studied in groups classified on the 
basis of similar spark streams. These groups are designated as brack- 
ets. Three such brackets were used; the lower carbon bracket includ- 
ing open hearth iron, and carbon steels through S.A.E. 1045 (Society 
of Automotive Engineers); the medium carbon bracket, steels from 
S.A.E. 1045 through S.A.E 1070; and the high carbon bracket, the 
high carbon steel, 5.A.E. 1070, and above. 


4. THEORY OF SPARK STREAM 


The characteristic appearance of the spark stream is apparently 
to be attributed chiefly to the oxidation of the carbon in the steel. 
Alloying elements may contribute minor characteristics to the stream. 
It appears probable that as the grinding wheel tears off small particles 
of steel the work done causes the temperature to rise. This rise in 
temperature may also be increased by a ‘‘pyrophoric” oxidation 
effect resulting from the rapid surface oxidation of small particles 
which are torn away from the steel specimen with perfectly clean 
oxide-free surface. The particles of steel are heated to such a degree 
that they become fused, at least superficially, and tend to become 
spherical. Oxygen and carbon react in the heated portions of the 
particles to produce CO, and perhaps CO. 

The oxide scale formed on a plain carbon steel is not very tenacious 
and easily flakes off. The gas which forms within the heated spherical 
particles escapes through this easily fractured skin and gives rise to 
the “series spark bursts.” A comparatively smooth pellet which 
shows a slight pattern on the surface remains after the particle 
cools. Alloying elements in the steel may change the character- 
istics of the oxide film in such a manner as to give the various spark 
characteristics. 

The entire spark stream consists of the trajectories of a multitude 
of glowing particles with the accompanying ‘‘bursts.” As the car- 
bon content of the steel is increased, the number and intensity of 
the ‘‘carbon bursts” increase. 


5. METHOD OF STUDY 


The study of the spark stream is simplified if the trajectory is 
considered to be divided into four sectors as shown in figure 4. The 
first sector is located directly adjacent to the abrasive wheel. A 
characteristic color, not meine Mees the same as the spark stream 
color, is sometimes observed here, and the spark of nickel can often 
be detected in this portion. The second sector covers the dense 
portion of the stream between the first sector and the carbon bursts. 
The only pronounced characteristic observed in this sector is that of 
color. The third sector includes the well-formed carbon bursts at 
the end of the stream and it is in this sector that the characteristics 
imparted to the spark by the alloying constituents chromium, mo- 
lybdenum, manganese, carbon, sulphur, nickel, vanadium, tungsten, 
and silicon are best observed. ‘The invisible portion of the tra- 
jectory following the ‘‘bursts’”? may, for sake of completeness, be 
considered as the fourth sector although it is not really a part of 
the spark. The study of the “burnt out” particles or pellets col- 
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ected from this fourth sector gives some information concerning 
steels containing chromium, vanadium, molybdenum, or bigh alloy 
content in general. 


III. MATERIALS AND RESULTS 


A large variety of steels were examined. These consisted of 
representative steels of the various classes in the S.A.E. series, 
together with many others donated by different manufacturers. In 
the accompanying tables are listed the compositions of the steels 
which gave the typical spark streams illustrated in the figures of 
this paper. Steels of many additional compositions were studied 
in each group. The entire range of chemical compositions of steels 
upon which was based the selection of typical spark stream photo- 
graphs is indicated in the following sections which summarize the 
observations made on the different materials. In these observa- 
tions, a distinction has been made between two kinds of ‘carbon 
bursts.”” This distinction can readily be made and the charac- 
teristics of two types are indicated by the designations used, namely, 
the ‘‘series’”’ bursts, and the “‘flower” bursts. 


TABLE 1.—Composition of plain carbon steels studied 
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1 Designated in accordance with S.A.E. numbering system for plain carbon steels; not official 8.A.E. 
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1. PLAIN CARBON STEELS 


In table 1 are listed the compositions of the plain carbon steels 
which produced the representative spark streams shown in figures 1, 
3, and 5. Six plain carbon steels in addition to those of table 1 were 
studied. These steels, all of carbon contents within the range of 
0.23 to 1.12 percent, revealed no additional spark stream character- 
istics. In figure 4, the notations define the various terms used in 
describing the sparks. The simplest stream observed was that of 
open hearth iron. The stream was full, but on account of the ab- 
sence of carbon not very brilliant. In general, the stream was dull 
red and the burst consisted simply of a swelling of the main line or 
carrier with occasional sprigs at the base of the enlargement. In 
steels containing as little as 0.10 percent carbon, the carbon burst 
was distinctly visible, usually as a terminal forked tongue. With the 
appearance of the forked tongue the stream pe oy throughout. 

The true “series burst”’ typical of this type of steel first appeared 
in steels containing approximately 0.15 percent carbon. The simplest 
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Figure 1.—Typical features of spark streams of low-carbon steel. 


A, Open-hearth iron, single sprig bursts, dark tips; B, S.A.E. 1010 steel, two or three ray bursts, dark tips; 
C, S.A.E. 1015 steel, series bursts of sprigs; D, S.A.E. 1020 steel, series burst of sprigs and rays, buds. 


FiGuRE 2.—Spark stream of open-hearth iron. Enlargement of 1A. 





D 


Figure 3.—Typical features of spark streams of medium-carbon steel. 


A, S.A.E. 1030 steel, long tongues, series burst, buds and stars; B, S.A.E. 1045 steel, bright stream, series 
burst having preliminary bursts, buds, stars of the secondary type; C, S.A.E. 1050 steel, darkened sprigs 
and secondary carriers; D, S.A.E. 1070 steel, high carbon burst, finer carrier, shorter tongue. No sprigs 
and few rays. Full development of all carbon characteristics. 
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Figure 4.—Spark stream of S.A.E. 1030 steel 
of the carbon burst. 


showing the various characteristics 


Figure 5.—Typical features of spark streams of high-carbon steel. 


A, S.A.E. 1080; B, S.A.E. 10100; 


C, S.A.E. 10120; D, S.A.E 


10130: Shows development of all carbon char- 


acteristics and streams darker in general. 


Fiaure 6.—Typical features of spark streams of S.A.E. nickel steels. 


A, S.A.E. 2315 steel, forked tongues, slightly suppressed and compact burst; 
A.E 


tongues, slightly suppressed and compact burst; C 


and compact burst; D, 8.A.E 


2512 steel, forked sonees bursts 


B, S.A.E. 2335 steel, forked 
50 steel, forked tongues, slightly suppressed 
, nickel spark. 
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form of the series burst consisted of a number of simple sprigs. With 
increase in carbon content above 0.15 percent, the length of the series 
burst was increased and buds and then stars appeared, all of which 
increased in number as the carbon content was increased. The 
maximum tongue length was obtained in steel containing about 0.30 
percent carbon, and the maximum length of burst at 0.45 percent 
carbon. This was also the most spectacular stream observed. 

The entire spark stream lightened in color as the carbon content 
was increased up to 0.45 percent and then gradually darkened in the 
steels of progressively higher carbon content, this being very pro- 
nounced in steel containing 1.00 percent carbon or more. In testing 
all of the steels of the high carbon class, a marked tendency for the 
spark to be carried entirely around the periphery of the abrasive 
wheel was noted. 


2. NICKEL STEELS 


The nickel steels listed in table 2, and in addition those corres- 
ponding to S.A.E. Nos. 2320, 2330, 2340 and 2345, were studied. 
Photographs representative of the spark streams are given in figures 
6, 7, and 8. 


TaBLEeE 2.—Composition of nickel steels studied 
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Nickel was found to impart to the spark stream two characteristics 
which are useful in the sorting of a lot of mixed steels of known com- 
position. The first, the ‘‘nickel spark”’, designated here as a “‘jacket”’, 
can be observed in either the first sector on the short carriers, or in 
the third sector at the base of the well-developed carbon bursts, but it 
is probably the most difficult alloy characteristic to observe. The 
second characteristic is the split tongue observed within many of the 
bursts instead of the usual single tongue. 

The characteristics of the nickel spark can probably be attributed 
to the fact that the surface oxide layer on a particle of nickel steel is 
nore tenacious than that on a plain carbon steel. It may follow that 
the formation of this layer on a nickel steel is so rapid and the film so 
tenacious that it is distended by the pressure developed within the 
molten pellet. Thus, the molten sphere may enlarge before bursting 
ind at the high rate of speed of travel will produce a constantly broad- 
ing streak of light in its path and result in the oval flare at the base 
of the burst known as the nickel spark. 

In the steels of the S.A.E. series, containing 3.00 to 3.60 percent 
uckel, the color of the stream was slightly darker than, but otherwise 
‘milar to, that of the spark stream of the corresponding plain carbon 
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steels. The bursts were compact and the tongues slightly shorter, 
the split tongue effect being a common occurrence. The character- 
istic nickel spark was readily observed in the steels low in carbon 
(0.15 percent) but became progressively fainter with increasing carbon 
content until, at 0.35 percent, it was practically unobservable. In 
general, the spark stream of a steel containing 5 percent nickel and 
0.15 percent carbon was very similar to that of the corresponding plain 
carbon steel. The principal differences were the slightly suppressed | 
burst, the darkening of the stream, and the nickel spark. j 

All of the alloy steels of high nickel content produced spark streams. | 
An alloy of the invar type containing 34.27 percent nickel gave a | 
stream of yellow streaks, whereas one containing 47.4 percent nickel 
produced a stream too dark to permit photographing it. A specimen 
of commercial nickel gave a spark stream, but one of monel metal gave 
none. 

3. CHROMIUM STEELS 


Table 3 gives the compositions of the chromium steels which pro- § 


TABLE 3.—Composition of chromium steels studied 

















| 
Designation re) Mn 8 P Si Ni Cr = 4 { 
Percent | Percent | Percent | Percent | Percent | Percent | Percent ‘S 

RL iicceesee men coukscckueaban 0. 21 0.70} 0.018} 0.029 0. 18 0.19 0. 73 q 
DAD © oh dciddknmanciccoccaccanese 32 . 63 . 021 . 019 Sg ee es 1. 06 |...... ; 
OE RR A ener er 45 . 61 . 023 . 018 pp eS 91) 910 
ONE RRAERS 9 i Era 51 42 . 031 . 024 pk Reade 

2 A Ri RS eee Se 1. 02 . 37 . 027 . 014 OP hi toteaa 1.40 y 
gS ARNE SII eg oR SS aes ARE I 39 . 64 . 040 . 026 SY RTT ll 
BF es oi ia Uesaiks thn ae det Cicmieihenendamianaaieol 92 . 33 027 . 015 |g See 1, 68 ll 
Ng NIRS set ARR ROE or iat aap SE EI 72 .49 . 025 EE Een locticciicanuian 2.18 ll 
2p TERS SORBET DAD, So OE eS EAE eke See 90 Fy FRR nS yp eae, 3. 40 ll 
C2 UD. cs: dcacthbnae dns keane wie dbp a etaaee monic 71 Rk MSOs ARE ___ BRB 4. 88 2 
UIE 4. & mcptbe wien se eciescinaitbalepmaiokenaiaiadaecniiel 10 41 004 019 BO Veitawwns 11. 50 hy 
ED Bog cc acucnccaapn lupe auTceaemalen 2. 25 POP Sade aadiavdsabidesos<nuablaewnene 13. 00 1 
C 18 34 . 34 017 . 024 29 30 13. 00 N 

5 Ee eee ee ee a ee 35 25 029 . 016 22 28 14. 36 +H] 

C 25 10 40 03 . 03 os ee poe 17. 00 1 

fy SE ee eae a = ee TERE SCR TEES POT 17. 00 12 
OW OBIE ee 25 50 | .03 03 WO hes eed 2 25.00} 12 

| | | 





























1 Designated in accordance with 8.A.E. numbering system for chromium steels; not an official 8.A.E. 
steel. 


duced the representative spark streams illustrated in figures 9, 1], 
and 12. The spark streams of some 20 chromium steels were studied 
in addition to those listed in table 3. The composition of these steels, 
however, are all closely approximated by the selected steels of table 3. 

The spark stream of chromium steels differed from that of plain 
carbon steels in that the carrier lines were finer and slightly darker. 
The bursts were of the flower type. These characteristics may be 
assumed to be associated with a strong oxide film which forms over 
the surface of the particles. The particle shatters under high internal 
pressure and a flowerlike burst results. 

In the S.A.E. chromium steels whose carbon content did not 
exceed 0.45 percent, the spark stream resembled that of the plam 
carbon steels with the outstanding exception of the flower-like burst. 
In steels containing more than 0.45 percent carbon, the stream very 
closely resembled that of the corresponding plain carbon steel with 
the exception that the carrier lines were finer and somewhat darker. 
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Figure 7.—Spark stream typical of nickel steel showing the ~ege spark and the 
forked tongue effect. Type S.A.E. 2335 c.f. (fig. - 





Ficure 8.—Typical features of spark streams of special nickel steels. 


1 (0.39 C, 0.62 Cr, 1.25 Ni), forked tongues; B, steel N2 (0.29 C, 3.52 Ni), nickel spark; C, steel 
N3 (0.08 C, 5.12 Ni), carbon burst absent, dark tips; D, invar, dark-red blunt carriers. 





Figure 9.—Typical features of spark streams of S.A.E. chromium steels. 


A, S.A.E. 5120 steel, flower bursts, slightly darker color; B, S.A.E. 5140 steel, flower bursts, more rays in 
burst; Cc E. 5150 steel, flower bursts, more rays in bursts, fine carriers; D, S.A.E. 52100 steel, high 
carbon “story fine carriers, slightly dark in color. 
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FicurE 10.—Spark stream of typical chromium steel showing the flower burst. 
Type S.A.E. 5140, c.f. (fig. 4). 


FicurE 11.—Typical features of spark streams of low-chromium steels. 
A, Steel C3 (0.39 C, 0.30 Cr), flower burst; B, steel C7 (0.92 C, 1.68 Cr), compact high carbon burst; C,  teel 
C10 (0.72 C, 2.18 Cr), compact high carbon burst, fine carriers; D, steel C11 (0.90 C, 3.40 Cr), com »aet 
high carbon burst, fine carriers 








Figure 12.— Typical features of spark streams of high-chromium steel. 


A, Steel C12 (0.71 C, 4.80 Cr), scant stream, typical carbon burst; B, steel C13 (0.10 C, 11.50 Cr), scant 
stream, disjointed red lines, suppressed carbon burst; C, steel C17 (2.25 C, 13.00 Cr), scant, short stream, 
sional typical carbon burst; D, steel C18 (0.34 C, 13.00 Cr), scant, short stream, suppressed carbon 
burst; E, steel C23 (0.35 C, 14.36 Cr), scant, short stream, suppressed carbon burst; F, steel C24 (0.10 
C, 17.00 Cr), seant, short stream, suppressed carbon burst; G, steel C26 (1.01 C, 17.00 Cr), seant, very 
short stream, carbon burst suppressed; H, steel C30 (0.2! 25.00 Cr), seant, very short stream, carbon 
burst suppressed. 
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URE 13.—Typical features of spark streams of S.A.E. chromium-nickel steels. 


A.E. 3115 steel, nickel spark, flower burst, c.f. (fig. 1C); B, S.A.E.3120 steel, flower burst, c.f. (fig. 1D); 
Cc A .E. 3130 steel, flower burst, c.f. (fig. 3A); D, S.A.E. 3140 steel, flower burst, c.f. (fig. 3B). 


Fi: urE 14.—Spark stream typical of chromium-nickel steel. Type S.A.E. 3130, 
c.f. (fig. 4). 


Figure 15.— Typical feature of spark streams of S.A.E. chromium-nickel steels. 


A, 8.A.E. 3240 steel, flower bursts; B, S.A.E. 3312 steel, small bursts, nickel spark, dark stream; C, S.A.E. 
3340 steel, flower burst, dark stream; D, S.A.E. 3435 steel, dark streams, flower burst. 





B.S. Journal of Research, RP605 








Figure 16.—Typical features of spark stream of special chromium-nickel steels. 


A, Steel NC1 (0.19 C, 1.35 Ni, 0.51 Cr), flower bursts; B, steel NC4 (0.48 C 
(0.28 C, 2.50 Ni, 2.50 Cr), flower burst; D, steel NC 
jackets. 


, 1.65 Ni, 1.04 Cr); C, steel NC§ 
7 (0.24 C, 5.80 Mn, 10.04 Ni, 1.78 Cr), flower bur: 














Figure 17.—Typical features of spark streams of special chromium-nickel 
chromium-vanadium steels. 


A, Steel V1 (0.45 C, 0.99 Cr, 0.20-0.25 V), carbon burst; B, steel V4 (0.40 C, 13.00 Cr, 1.00 V 
points, suppressed carbon burst; C, steel V2 (0.94 C, 1.44 Cr, 0.20 V), carbon burst; D, steel V: 
2.00 Cr, 0.75 V), short scant stream; E, steel NC8 (0.15 C, 11.80 Ni, 13.00 Cr), banded wheel, 
stream, red disjointed lines, spearpoints; F, steel NC16 (0.10 C, 8.26 Ni, 18.82 Cr), banded wheel, 
stream, red disjointed lines, some spearpoints; G, steel NC20 (0.15 C, 11.00 Ni, 21.00 Cr), banded w 
single carrier stream. 


Figure 18.—Typical features of spark streams of S.A.E. chromium-vanadium 
steels. 


A, 8.A.E. 6120 steel, flower bursts, occasional spearpoint; B, S.A.E. 6140 steel, flower burst; C, S.A.E., 
6150 steel, carbon burst; D, 8.A.E. 6195 steel, carbon burst. 
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Only by very close examination could the flower bursts, which seein 
to be characteristic of chromium steels of lower carbon content, be 
detected in the spark stream. 

Many of the special alloys studied (table 3) had high carbon con- 
tent. All the steels (except C 3) containing less than 5 percent chro- 
mium contained at least 0.70 percent carbon. The spark streams 
produced were all typical of the carbon contents. The steels of 
highest chromium content were of the stainless type. A steel of this 
kind with a low carbon content gave a very short spark stream in 
which tongues showed a tendency to be tipped with spearpoints as is 
shown in the photographs. The periphery of the rotating abrasive 
wheel was brightly banded. A short, dark spark stream was obtained 
with the high chromium steels of higher carbon content. Although 
the stream was greatly suppressed, the carbon bursts were full and 
typical of the high carbon content. In the steels of highest chromium 
content (15 to 30 percent chromium) the spark stream was incon- 
spicuous, and was entirely lacking in the steel containing about 30 
percent chromium or more. 


TABLE 4.—Composition of nickel-chromium steels studied 




















Designation C Mn P S Si Ni ot 

Percent |Percent | Percent | Percent |Percent |Percent | Percent 
S.A. BANG chk oecidkenchcekswanubene 0.15 0. 46 0.017 0. 024 0. 20 .3l 0. 60 13 
§.A.E. 3120_ ER EA RRS A ESO 19 47 . 020 . 029 18 1. 26 . 62 13 
GD, HEE cies ac eaeuscli on » iid ieeiibin acne 32 . 46 .019 . 031 . 23 1.12 . 63 | 13-14 
ABs BETO iecn ny po necugene ona .39 . 62 . 033 . 036 - 26 1.18 . 62 13 
G:A.B. SOO. oi5s ss 2 eee . 41 . 44 . 028 - 022 . 26 1.73 1.10 15 
BA By. BOIS. onan ccnesvassacenckeamee .10 . 44 . 019 . 023 . 22 4.14 1.49 15 
Re Oe. oop cones ccdncecedekLeebun - 40 50 . 021 021 23 3. 39 1. 56 15 
8.A.E. 3435 . 36 45 . 028 023 - 22 4.14 1. 49 15 
WIE Bacocc ba cvewhacctsuncdc< bse .19 52 . 012 024 15 1.35 . 51 16 
NC4 . 48 46 . 015 009 .18 1, 65 1. 04 16 
NC 5..-- Oe Rae SCRE Tes 2. 50 2. 50 16 
NC 7. . 24 _, ATRIES” au ae SCRE 10. 04 1.78 16 
NC 8. 16 ie iia dhe ike nies Recsead crash .45 11. 80 13. 00 17 

NC 15. .14 70 009 . 017 2. 02 8. 42 18. 06 
NC 16 .10 34 019 . 023 49 8. 26 18. 82 17 
NC 20 15 8 EE Ties SL Se 95 11. 00 21. 00 17 


























4. NICKEL-CHROMIUM STEELS 


In table 4 are the compositions of the nickel-chromium steels whose 
spark streams are illustrated in figures 13 to 17 inclusive. The spark 
streams shown (figs. 13 and 15) are typical of the entire group of 
simple nickel-chromium steels examined. Steels of many composi- 
tions in addition to those listed in table 4 were studied and their spark 
streams compared with those selected as typical. The additional 
compositions included S.A.E. 3125, 3135, 3235, and 3250 steels as 
well as 24 special nickel-chromium steels. The carbon content of 
these special steels ranged from 0.8 to 2 percent. The maximum 
alloy content was as follows: Manganese, 1.28 percent; nickel, 35 
percent; chromium, 25 percent; and silicon, 2.8 percent. One com- 
position contained 0.2 percent molybdenum; another, 1.7 percent 
vanadium; and a third, 1.35 percent copper. 

The combination of the two alloying elements, nickel and chro- 
mium, resulted in a suppression of the nickel effects and a strengthen- 
ing of the chromium effects. In the S.A.E. steels the spark streams 
Were similar to those of the corresponding carbon chromium steels 
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already discussed, though slightly darker in color. In the low-carbon 
steels of this type the nickel spark was detected but not in steels 
containing 0.30 percent carbon or more. As the combined nickel- 
chromium content was increased, a tendency for the stream to darken 
was observed. . 

Spark streams typical of a group of special alloy steels (NC 1 to ¥ 
NC 20, table 4) are shown in figures 16 and 17. It was found that | 
steels of low nickel-chromium content produced spark streams in | 
which the bursts were well developed. In steels of higher nickel- | 
chromium content, 12 percent or more chromium, the carriers were | 
darkened and the stream scanty. Only a few bright carriers, many of | 
which were tipped with a spear point, were present in the spark | 
stream, and it consisted largely of dull red streaks. In the steels 











high in both carbon and nickel-chromium content the stream was 
short, scanty, and dark, with bursts characteristic of the high carbon 
content. As in the high chromium steels, the periphery of the wheel 
was brightly banded. F 
In general, as the nickel-chromium content increased the character | 
of the spark stream changed from bright carrier lines to dull red, 
disjointed lines. A high nickel-chromium content tended to suppress 
the stream entirely. This result was obtained when the combined 
percentages of nickel and chromium totaled approximately 30 percent. | 
Steel NC 7, relatively high in manganese, gave a bright stream; | 
evidently the manganese counteracted the effect of the chromium, | 
Steel NC 15, containing 2 percent silicon, gave a stream of disjointed | 




















red lines. 
TaBLe 5.—Composition of chromium-vanadium steels studied 
Designation C Mn P S Si Ni Cr Vv * 
Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent 
CA5 Oe 0. 21 0.70} 0.019} 0.034 0. 45 0. 18 0.7 0.13} 8} 
6.A.B.e....-.---.: 45 . 66 . 020 O11 . h Reena cepa . 88 .16| 8 Ee 
“Wee 7) eee . 50 50 . 040 (5 Le SS . 90 17] BE 
5 & See 1. 06 34 .017 . 022 12 1.44 wie 
kr . 025 025 |, 25- .86 |... -.- 22s 90 |.20-.25|) WB 
ee . 94 34 . 017 . 009 26 09 1.44 20) W 
ie rear cid 7 ae aes Cee Eades 12. 00 75| fy 
| Siig  aitbaaeia A. f Rae. RAPES! BRR Ohis EE As eae 13. 00 1.00} W7 





























5. CHROMIUM-VANADIUM STEELS 


The spark streams of all the S.A.E. steels (including 6125, 6130, 6135, 
and 6145 not listed in table 5 and the special steels studied (table 5)) 
were characterized by the chromium content rather than the vana- 
dium (figs. 17, 18, and 19). Vanadium as an alloying element caused 
spear points to appear in the stream at the terminals of some of the 
carrier lines. This phenomenon, however, could not be depended 
gp Pg a reliable means of identification, although it is useful as 
an aid. 

6. MOLYBDENUM STEELS 


In addition to the molybdenum steels listed in table 6, spark streams 
were studied of compositions corresponding to S.A.E. steel 4140, and 
the so-called “4130X”’, as well as of seven special molybdenum steels 
containing 0.15 to 0.40 percent carbon, 0.15 to 3.6 percent nickel, 0.04 
to 0.9 percent chromium, and 0.25 to 0.45 percent molybdenum. 
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FicurE 19.—Spark stream typical of chromium-vanadium steel. 
6130 steel, c.f. (fig. 4). 








Type S. 











l'iGURE 20.—Typical features of spark streams of S.A.E. molybdenum steels. 


A, S.A.E. 4130 steel, spearpoints; B, S.A.E. 4150 steel, spearpoints, compact burst; C 


spearpoints, nickel spark, suppressed carbon burst. 
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Ficure 21.—Spark ‘stream typical of molybdenum steel, showing ‘spearpoints. 


Type S.A.E. 4130, c.f. (fig. 4). 
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Figure 22.—Typical features of spark streams of special molybdenum steels. 


A, 0.15 C Mn-Mo steel, suppressed carbon burst, spearpoints; B, steel M1 (0.20 C, 3.64 Ni, 0.07 Mo), 
spearpoint; C, steel M11 (0.53 C, 1.02 Si, 0.40 Mo), spearpoint, suppressed carbon burst; D, steel M16 
(0.71 C, 5.75 Mo), spearpoints, suppressed carbon burst 


Figure 23.—Typical features of spark streams of low-tungsten steels. 


A, Steel W1 (0.85 C, 0.45 W), heavy tips, suppressed carbon burst, dark carriers; B, steel W5 (1.25 C. 1.00 
W), downward curve of tongues, heavy-tip wild bursts, suppressed carbon burst, red color; C, stee! W10 
(1.20 C, 1.60 W), downward curve of tongues, heavy tips, dark-red color, secondary carriers very (ark, 
carbon burst suppressed; D, steel W12 (0.50 C, 2.00 W), carriers very dark, tongues bright, down ward 
curve to tongues, suppressed carbon burst, very dark secondary carriers, bright buds and stars 


Figure 24.—Typical featur: of spark streams of high-tungsten steels. 


A, Steel W22 (1.54 C, 1.00 Cr, 4.98 W), dark-red carriers, suppressed bursts, very dark secondary carriers, 
heavy tips, curved downward; B, steel W27 (0.68 C, 4.47 Cr, 2.20 V, 14 W), dark-red disjointed lines 
with an occasional swelling forming a tongue; C, steel W29 (0.73 C, 4.50 Cr, 1.22 V, 17.50 W), dark-red 
disjointed lines with an occasional carbon burst; D, same as C showing a very good example of a wild 
burst characteristic of tungsten 
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TABLE 6.—Composition of molybdenum steels studied 

















Designation C | Mn] P 8 Si Ni | Cr | Mo/|] V Cu Fig. 

Per- | Per- | Per- | Per- | Per- | Per- | Per- | Per- | Per- | Per- 

cent | cent | c cent | cent | cent | cent | cent | cent | cent 
OA We Sic becks dette eas 0. 29 | 0.62 |0.019 |0.031 | 0.21 j.._._- << £0 *% = oes eee 20, 21 
eR MARS 47 77|. - 022 |° .23 j_..-.. OS ey 5 BOL FOR 20 
DAB GiGi cccikstiiscascaneiscdcd 15} .62] .O17 | .024} .20} 1.82] .30] .28 j_..-..]-...-- 20 
SA 1. sicsaaeaies Aaesena alsaie ec tceisienndicnile -20} .50].011 | .024|] .10| 3.64] .11] .07 |__..--].-.--- 22 
M2. ccciccscatacmchiakecahawsohec .78 | 1.74] .016) .010| .47 gg Se ae LR Y 6 Gries ipa cae 
BMS. aiuieauceehiseescaas kako BS eS Saas eae e Fe BS ea 6 hee ee eee 
MM 9. ..csccuiodincseiwauniniattimand ME ARS = Merete! ties ey ES BP 0 SP bene ncaealnccsss 
Tg PCa AS Sek ees Fe ee 53 | .41 |] .018 | .015 | 1.02] .14 13 yp eee 22 
OS 18. oiirica acts Leceesemadarten 1.42} .26].013 | .084] .50 }__.__- 4. 20 ., ¥ eee Se Spearetl 
WS 14. cou dunbinecedeebaunsecatinka Ef OE RET SES Rae 12. 00 |___--- Ky CRS SUR ES 
OE 06 5 iii eu one idkinatenhnbao 06 47 | .016 | .018 | .42/ 9.84 |19.65 | 3.07 |____-- | Sia 
WE WM. ccsawdiettiodacdcckascsncad 71 pS rem span Rati My Sansa, TR gi! OU Peco ee. 22 
































All of the molybdenum steels studied showed a peculiar flare at 
the end of each ray. This was completely detached from the ray tip 
and is referred to here as the “‘spearpoint” (figs. 20 and 22). The 
color of the spearpoint varies with the steel. In the S.A.E. steels the 
spearpoint appeared in all cases in which the carbon content did not 
exceed 0.50 percent. The identification of such steels is simple and 
sure. 

In the chromium-molybdenum steels the flower-like burst charac- 
teristic of chromium was evident. In other cases the carbon content 
appeared to be the factor which determined the predominating 
characteristic of the spark. 

Of the 16 special molybdenum steels examined, all but 6 (M 2, M 3, 
M 9, M 13, M 14, M 15) showed the characteristic spearpoints in the 
spark stream. ‘The failure of these six to show this feature can be 
attributed either to excess chromium, nickel, or carbon. The influ- 
ence of carbon on the spearpoint is dependent on the molybdenum 
content; for example, in the steel (M 2) containing 0.78 percent 
carbon and 0.08 percent molybdenum, no spearpoints were observed 
in the spark stream, whereas steel M 16 (0.71 percent carbon and 
5.75 percent molybdenum), showed spearpoints in the spark stream 
as did also steel M 1, containing 0.20 percent carbon and 0.07 per- 
cent molybdenum. 


TABLE 7.—Composition of tungsten steels studied 





Designation c | Mn| si | Cr | Ni Vv w | Fis. 





Pere Percent rj Percent |Percent |Percent | Percent 








W 1... nkecl pesmi tndnakancouaauaean IE Vinebavns Dds Sat 0. 45 23 
W 6...ucd cpinabeohineaeesanuinienn Ae Se Incntbecciiywacen- e SENR Rea 1,00 23 
pe RE ee ee a Fog Ree tRrn Se een ~ | Sera 0. 10 1. 60 23 
W Et... cdcckcaaubadicniei suis nnacenncss CEE Letndhwenbnikaniod CN & Memeraar 25 2. 00 23 
| RRS 5 1. 54 0. 39 25 |g MARE: Sneecpereese 4. 98 24 
We Blut esnneh ei bahikenacieestckbiecah . 68 | Ee 4.17 0. 28 2.20} 14.57 24 
RR TENCE FE 73 27 23 4.15 02 1,22} 17.50 24 























7. TUNGSTEN STEELS 


Table 7 lists the compositions of the tungsten steels which produced 
the representative spark streams illustrated in figures 23 and 24. 
Thirty additional steels containing tungsten were also studied, some 

8455—33—7 
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containing 0.5 to 2.5 percent tungsten, and manganese up to 1.5 per- 
cent; some with 1 to 2 percent tungsten and 2 percent carbon and 
others with 1 to 4 percent tungsten and 10 to 20 percent chromium. 
A special tungsten alloy examined contained 62 percent nickel, 12.5 
percent chromium, 2.57 percent tungsten, 1.5 percent manganese, 
and 0.29 percent carbon. 

Tungsten was found to impart a very characteristic red color to 
the spark stream in which the main carbon bursts were suppressed 
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and the secondary carriers which were dark and inconspicuous were | 
tipped with buds and stars the brilliance of which depended on the | 


carbon content. The short, stubby tongues having a pronounced 
downward curvature were also characteristic. The spark streams of 
the steels having a low alloy content were full and dark and showed 
the characteristics just described. In steels containing 1.50 percent 
tungsten or more, the intensity of the carbon burst was diminished 


and the stream was dark red. In the steels of 2 percent tungsten [ 
content the carbon burst was variable even in the high carbon steels, J 
in which the burst varied from one typical of a high carbon content [ 


to one associated ordinarily with a low carbon content. The presence 









ety 





of chromium in amounts of approximately 1.5 percent did not appear 


to affect the display, but larger amounts, for example, 10.5 percent, 


tended to “kill” the spark stream. 


An increase in tungsten content above approximately 2 percent : 
resulted in “wild” bursts in the spark stream which were sometimes | 
so violent that the path of the pellet was entirely changed in direction. | 


The carriers appeared as disjointed red lines. 


The presence of 5-percent tungsten caused the spark shower to ) 
decrease rapidly in volume and steels containing 5 to 15 percent / 
tungsten seldom showed more than dull red lines, the brilliance of | 
which apparently depended largely on the chromium present. Steels | 
containing 20 percent tungsten or more showed almost no spark / 





stream. The combined chromium-tungsten content necessary for f 


the elimination of the spark streams was much lower than that of § 


nickel and chromium for producing a similar effect, the summation } 


being approximately 20 percent. 


8. SILICON-MANGANESE STEEL 


Only one steel of the silico-manganese series was examined (S.A.E. | 
No. 9250, containing 0.52 percent carbon, 0.83 percent manganese, 


2.10 percent silicon). The spark stream (fig. 25) was dark red with § 
club-shaped tongues and the carbon bursts were suppressed. This 
can be attributed largely to the influence of silicon. The manganese 
imparted a brilliant jacket to the burst. 


9. MANGANESE STEELS 


All the manganese steels considered (table 8) showed heavily } 
‘“‘jacketed’”’ bursts in the spark stream (fig. 26). The jacket was 
similar to that observed in spark streams of the nickel steels, although | 
somewhat more brilliant. The carbon burst was apparently affec 
very little by the presence of manganese. The stream was full and | 
even brighter than that of a corresponding plain carbon steel. . 


Bes are 





FictrE 25.—Spark stream typical of silico-manganese steel, showing jacketing 
effect. Type S.A.E. 9250. 


Ficure 26.—Typical features of spark streams of manganese steel and cast tron. 


A, Steel Mni (0.21 C, 1.00 Mn), jacket, compact burst; B, steel Mn5 (0.92 C, 1.60 Mn), jacket, compact 
irst, bright; C, steel Mn7 (1.00 C, 12.00 Mn), jacket, compact burst, bright; D, cast iron, very dark 
rier, bright burst. 





Figure 27.—Spark streams showing the influence of niiriding time on type spark 
stream produced. 
A, Original steel, long full stream with spearpoints; B, same steel nitrided for 24 hours, stream short- 
ened with a different burst; C, same steel nitrided for 48 hours, stream short, no burst; D, same steel 
nitrided for 72 hours, stream almost entirely suppressed, no burst 
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Figure 28.—Typical pellet specimens > 











B.S. Journal of Research, RP605 


















Buzzard] Spark Test of Steels 


TABLE 8.—Composition of manganese steels studied 





Designation Cc Mn 8 Si Cr ni | Fis. 


a") 





Percent | Percent | Percent | Percent | Percent | Percent | Percent 
0. 21 0. 22 0. 19 





PEW TD innn. shea cl ennipee whegni en sn yep ene 1.00 | 0.054 | 0.059 0. 06 26 
BES Biccclddsdacdnetakanckadesonsnhdniede . 39 - 95 . 090 - 056 21 . 25 i 2 eben 
BE Dincinendssbhabeuddek~e ti nsrorecannea - 50 1.07 - 033 - 018 21 57 Pe icone 
NUR A itis tk se Si pres och anti ldbintgsp & sae «ss che . 35 1. 50 . 040 . 025 | RESIS SRS 26 
BER Bicones sahbt ens accbneeseauns<cegesy - 92 1. 60 - 012 024 21 ell BaP Cesta 
PGi cicccccddnkenceudie Shame akesuamne - 45 So SAO PR ORSREE: BREE: SSP CSS oRs Pal Saiae 
BEE Voces nncandnendsineedcodnmansanege eT eda S el ceecncubesennsenbogeikcecratandoas ss 26 


























10. CAST IRON 


Four plain cast irons were studied, with chief consideration given 
to their combined carbon contents (table 9). No marked differences 
were observed in the spark streams. In general, the stream consisted 
of very dark carriers with a comparatively light burst (fig. 26, D). 


TABLE 9.—Composition of cast irons studied 








Com- 
Specimen number —_— Be dl bined Mn P s Si Cr 





Percent | Percent | Percent | Percent | Percent 






































11. NITRIDED STEEL 





A brief study of steels which has been nitrided, that is, ‘‘case 
hardened”? by nascent nitrogen formed by the decomposition of 
ammonia, showed that the character of the spark stream was changed 
by nitriding and that this change was dependent upon the degree of 
nitriding. The photographs of figure 27 show the spark streams of 
the steel used (0.19 C, 0.38 Mn, 0.014 P, 0.012 S, 0.16 Si, 1.88 Al, 0.83 
Mo) before nitriding and after 24, 48, and 72 hours nitriding, respec- 
tively. The possible usefulness of this method for determining differ- 
ences in the thickness of the surface layer on nitrided steel products is 
apparent. 










12. MISCELLANEOUS ALLOYS 





A number of ferrous alloys were found to give no spark stream when 
_— in the ordinary manner. The compositions are shown in 
table 10. 
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TABLE 10.—Composilion of ferrous alloys showing no spark 





Manufacturer’s designation 
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13. PELLET TEST 


The possible identification of a steel by examination of the metal 
‘“‘nellets” which are formed during the spark testing of steel was first 
discussed by Hildorf and McCollam.’ This test is supplementary to 
the spark test and not a complete one in itself. It has been found on 
examining the metallic ‘“‘dust”’ from the spark stream of a steel that 
the individual burned particles are globules or pellets and that the 
pellets from one steel often differ quite characteristically from those 
of another kind of steel. 

The ‘“‘dust”’ from the spark streams in the foregoing examinations 
was collected and the spherical pellets separated from the more irregu- 
lar particles by rolling on a sheet of paper. The spherical pellets were 
then sieved. All of the pellets which did not pass a 100-mesh screen 
were collected and examined under the microscope (x 35, fig. 28). 

The pellets from plain carbon and nickel steels were shiny and black 
with indistinct patterns showing over the surface. The carbon con- 
tent apparently did not affect the character of the surface of the pellet. 

The pellets of chromium steels were rough and light gray in color. 
Those from molybdenum steel were very smooth and jet black. A 
scattering of elongated pear-shaped pellets was found among those 
collected from some vanadium steels. Silico-manganese steel pro- 
duced badly blown pellets which, although spherical in shape, had 
holes blown entirely through them (table 11). 


5 Hildorf, W. G., and McCollam, ©. H., Metal Pellets Produced by Spark Tests Used to Identify Alloy 
Steels, Iron Age, vol. 126, p. 1, 1930. 
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Buzzard] Spark Test of Steels 


TABLE 11.—Summary of pellet characteristics of S.A.E. steels 





Pellet characteristics 





Kind of steel 
Color Shape and surface appearance 





Plain carbon Shiny black._- Roupd and faintly patterned on a portion of the surface. 


Nickel do 0. 

Chromium Light gray....| Round and generally rough over entire surface. 
Nickel-chromium ---._-.-- te liBbe’s Do. 

Chromium-vanadium. --- Round and generally rough over entire surface with a scatter- 
ing of elongated pear-shaped pellets. 

Molybdenura Round and very smooth having a tendency to be blown out 
on one side but still retaining round shape. An occasional 
elongated -sha pellet appears. 

Silicon-manganese Dull black - - -- Roum but badly blown. Some holes entirely through the 
pellets. 











IV. SUMMARY 
1. SORTING CHART FOR S.A.E. STEELS 


The data obtained in the study of the carbon and alloy steels, 
including S.A.E. steels, have been used as the basis of a sorting chart 
(fig. 29). In assembling this chart only the outstanding character- 
istics which can be depended upon as a basis of sorting groups of 
steels of known composition have been used. The character of the 
carbon burst has been used as much as possible. Cases where sorting 
is possible but may be difficult have been designated as ‘““D’’. In all 
cases labeled ‘‘Y”’, there should be no difficulty in sorting the two 
steels if reasonable care is used. The alloy characteristics listed at 
the end of the chart apply only in a general way. They are the most 
probable characteristics, in addition to the carbon burst. 

Half of this chart is devoted to the possible usefulness of the pellet 
test in the sorting of steels. It will be seen that in a number of cases 
the combination of the two tests will give conclusive evidence of the 
nature of the steel, whereas the indications of the spark test alone 
might be doubtful. 

In general, it can be shown that out of possibly over 2,500 combina- 
tions of any two of the steels shown in this chart the identity of over 
2,100 can be established. In addition, it may be possible to estab- 
lish the identity in 390 additional combinations (listed under doubt- 
ful) and in the case of only 83 combinations are the results of the 
test entirely negative. The characteristics upon which this chart is 
based refer only to spark streams produced by the grinding wheel 
described and may not always apply if a distinctly different testing 
procedure is followed. 

2. CONCLUSIONS 


The spark test may be depended upon as a means for classifying 
steels into groups of similar composition, but cannot be successfully 
used as a, means of identifying an unknown steel. 

The spark test is probably the most rapid method for sorting mixed 
lots of steels containing two or three different compositions. 

Definite spark stream characteristics were found in the steels studied 
for each of the alloying constituents; chromium, manganese, molyb- 
denum, nickel, tungsten, and vanadium. The “carbon burst’’, how- 
ever, is the most prominent feature of the spark stream. 
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The presence of chromium, molybdenum, silicon, or vanadium in 
some cases imparts characteristics to the fused particles or pellets 
resulting from the spark test which may be used in the identification 
of such steels. 
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THE SYSTEM LIQUID IRON-CARBON OXIDES 
By H. C. Vacher 


evans 


ABSTRACT 


The value 0.0025 previously obtained for the product of the carbon and oxy 
contents of liquid iron under specified conditions has been confirmed. The 
> method of approaching equilibrium consisted of passing a known mixture of 
carbon oxides at one atmosphere pressure over liquid iron maintained at 1,580° C. 
After approximately 90 minutes the liquid iron was allowed to freeze in the cruci- 


ble and the ingot was analyzed for carbon and oxygen. Equilibrium was 
proached from both directions by adjusting the composition of the charges. 


showed that the data of both systems were in good agreement with data for 
water-gas reaction. 
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Additional experiments on the system liquid iron-hydrogen-water vapor 
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I. INTRODUCTION 

4 In a previous paper ' it was shown that the product of the concen- 


trations of carbon and oxygen, for a number of ingots representing 
liquid iron at 1,620° C. and in contact with carbon oxides, was a 
constant within the limits of experimental error for a single ingot. 
| The average value of the carbon-oxygen products obtained was 


0.0025, w hich is approximately twenty times larger than the only 


other direct experimental value.2- However, the value 0.0025 agr 


ees 


» with values * obtained from samples of basic open-hearth steels 
- taken during the process of refining when the rate of carbon elimina- 


tion was small. This agreement was not sufficient to determine the 


accuracy of the value 0.0025, and experimental work has been con- 


tinued. The work was extended to include a few experiments on 


the 


system liquid iron-hydrogen-water vapor in order that the accuracy 
of the data obtained could be judged by correlation with related 


equilibria. 
II. EXPERIMENTAL PROCEDURE 


The method of attaining equilibrium consisted of passing a known 
mixture of carbon oxides, at one atmosphere pressure, over liquid iron 


maintained at a temperature of 1,580° C. After approximately 





90 


!H. C. Vacher and E. H. Hamilton, Carbon- on equilibrium in liquid iron. Trans. Am. Inst. of 
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minutes’ exposure to the gases, the liquid iron was allowed to solidify 
in the crucible and the resulting ingot was analyzed for carbon and 
oxygen. 

The furance arrangement was essentially the same as used in the 
previous work.* A magnesia crucible containing the iron was placed 
in a round-bottom alundum thimble which rested on a magnesia block 
containing a rounded depression. This facilitated centering the 
crucible and bringing the top surface of the charge in line with the 
guide tube and the eyepiece of the furnace top. The temperature was 
measured by means of an optical pyrometer of the disappearing fila- 
ment type. The pyrometer was calibrated under black-body con- 
ditions to +10 degrees. As the temperature readings during an 
experimental run were made on the surface of the liquid iron it was 
necessary to correct the temperature corresponding to the calibration 
for emissivity. Black-body conditions necessary for the determina- 
tion of this correction were obtained by means of a crucible that con- 
tained a 3 millimeter bore tube centered to coincide with the logni- 
tudinal axis of the crucible. The length of the tube which was heated 
by the charge was 22 or more millimeters. In order that the bottom 
of the hole would be at the temperature of the charge the tube was 
filled with magnesia sand to a depth of 7 millimeters above the bottom 
of the crucible. The emissivity correction was determined by taking 
alternate readings in the sight tube and on the surface of the liquid 
iron. With this furnace arrangement, pyrometer readings are repro- 
ducible within 2 milliamperes or 15 degrees. 

Each mixture of carbon monoxide and carbon dioxide used was 
prepared by passing carbon dioxide, from a cylinder, through crushed 
graphite which was held at a predetermined temperature. The 
amount of carbon dioxide in the mixture of carbon oxides was con- 
trolled by varying the temperature of the graphite, for example, if 
the graphite was maintained at 1,050° C., the resultant gas mixture 
contained about 11 percent carbon dioxide. Lower temperatures 
increased and higher temperatures decreased the carbon dioxide con- 
tent. For a given temperature, the composition of the mixture could 
be varied to some extent by modifying the rate of flow of gas through 
the hot graphite. Analyses of several samples showed that the pre- 
pared mixtures contained not less than 99 percent carbon oxides, with 
about 0.3 percent nitrogen and 0.7 percent hydrogen as impurities. 
The gas mixture was stored over a saturated brine solution and the 
hydrostatic pressure of the displaced solution was employed to force 
the gas through drying towers and through the furnace in a subse- 
quent experimental run. Hydrostatic pressure equivalent to 2 or 
3 cm of mercury was sufficient to maintain a steady flow of gas through 
the furnace. 

It was found that the carbon dioxide content of a reservoir full of 
mixed gases decreased steadily as the reservoir was emptied, presum- 
ably on account of the selective solubility of carbon dioxide in the 
brine solution. For example, an initial carbon dioxide content of 12 
percent might drop to 11.5 percent by the time the reservoir was 
nearly empty. This progressive decrease in the carbon dioxide con- 
tent necessitated sampling of the gas stream during a run to deter- 
mine the average composition of the gas entering the furnace. In 
these control analyses only the amount of carbon dioxide in the 
sample was determined. 


4 Bee footnote 1. 
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Examination of the furnace after several runs showed that no soot 
had deposited in the silica tube used to pass the entering gases over 
the surface of the iron. Consequently, the composition of the gas 
mixture which came in contact with the liquid iron was the same as 
that of the gas mixture as it entered the furnace. However, the 
deposition of small amounts of soot on the cold parts of the furnace 
near the gas exit indicated that some decomposition of the carbon 
monoxide was taking place after it was in contact with the liquid 
iron. This phenomenon, and the fact that the change in composition 
of the gas phase, due to the reaction with liquid iron, at best was too 
small to be readily detected, made it useless to attempt to follow the 
course of the gas-liquid iron reaction by comparing the composition 
of the exit gases with that of the entering gases. 

In the absence of a definite test to determine whether equilibrium 
had been reached for any particular ingot, two or more ingots were 
prepared with each mixture of carbon oxides. One of the ingots was 
prepared from a charge of high initial oxygen content, the other from 
a charge of low oxygen content. Equilibrium therefore was ap- 
proached from both the high-oxygen and low-oxygen sides. Also, 
in some cases additional ingots were prepared to represent approach 
to equilibrium from both the high-carbon and low-carbon sides. If 
equilibrium were attained in the time allotted, 14 to 2 hours, the 
carbon (or oxygen) contents of a pair of ingots should agree. How- 
ever, if the carbon (or oxygen) contents of a pair of ingots do not 
agree, the equilibrium value should lie within the limits of the pair 
of experimental values. This method of determining the carbon (or 
oxygen) content at equilibrium with a known mixture of carbon 
oxides obviously is accurate only in the case where the carbon (or 
oxygen) contents of the pair of ingots agree. However, in case an 
agreement is not obtained, a reliable value for the equilibrium con- 
tent can be had by averaging the two carbon (or oxygen) contents, 
provided the difference between the pair of ingots is small. 

The base material for the charges consisted of pieces of open- 
hearth iron cut from a one-inch round rod. The iron contained 0.07 
percent oxygen, 0.003 percent alumina and 0.002 percent silica, and 
each piece weighed approximately 100 grams. 


1. THE SYSTEM LIQUID IRON-CARBON OXIDES 


In the first series of runs, made with gas mixtures which contained 
less than 10 percent carbon dioxide, gases were evolved from the 
metal during solidification. The evolution of gas increased in vio- 
lence as the carbon-dioxide content of the mixture decreased from 
about 10 percent to 5 percent or less. Figure 1 shows an ingot pre- 
pared under a gas mixture containing 5 percent carbon dioxide. It 
was necessary to add aluminum to all charges prepared under gas 
mixtures containing less than 10 percent carbon dioxide in order to 
retain, as aluminum oxide in the solid metal, the oxygen present in 
the liquid metal. The amount of this aluminum oxide was deter- 
mined by means of the hydrochloric-acid residue method, but segre- 
gation of the aluminum oxide complicated the problems of analysis. 
The results for ingots 2 and 3 in table 1 illustrate the failure to obtain 
duplicate results in the analyses of duplicate ingots. The average 
values for the carbon-oxygen products, derived from table 1, are 
0.0021 for gas mixtures containing 1.5 percent carbon dioxide and 
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0.0028 for 7 percent carbon dioxide. However, all of the data in 
table 1, including these computed carbon-oxygen products, are open 
to question on the grounds of the analytical difficulties which resulted 
from segregation of alumina. 
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TaBLeE 1.—Carbon and oxygen contenis of ingots prepared in contact with carbon 
oxides containing less than 10 percent carbon dioxide 




















CO: in Carbon- 

Ingot no. gas mix- Charge Carbon | Oxygen | oxygen 
ture product 

Percent Percent | Percent | Percent 

et oat 1.4 | Open-hearth iron melted in a vacuum------- Z 0. 09 0. 016 0. 0014 
. map tilireianisil 1.5 | Open-hearth iron plus 0.3 percent graphite -- __-- 17 . 019 . 0032 
3.-. ets Ape 1.7 eS ee ‘ .19 . 014 . 0027 
4 6.9 Open- -hearth iron plus 0.2 percent graphite. J . 05 | 051 . 0025 
§.. 7.0 | Open-hearth iron melted in a vacuum. : , . 04 | . 077 . 0031 





A second series of ingots was prepared under mixtures of carbon 
oxides containing more than 10 percent carbon dioxide. These 
ingots did not evolve gas during solidification. Therefore, a deter- 
mination of the carbon and oxygen contents of these ingots represents 
the carbon and oxygen contents of the liquid iron. Preliminary 
experiments with gas mixtures containing about 12 percent carbon 
dioxide showed that the oxygen contents of the ingots would be 
approximately 0.15 percent. It was necessary, therefore, to prepare 
charges containing more than 0.15 percent oxygen in order that the 
final oxygen content might be approached by a reduction in the 
oxygen content of the charge. These charges of high oxygen con- 
tent were prepared by exposing liquid iron to a stream of carbon 
dioxide, ingots containing from 0.2 to 0.5 percent oxygen being 
obtained. 

It was observed that when an ingot which contained more than 
0.1 percent oxygen was melted in a magnesia crucible, the surface of 
the melt remained bright and clean but there was appreciable forma- 
tion of slag on the surfaces of the crucible in contact with the metal, 
as shown in figure 2. This indicated a reaction of magnesia with iron 
oxide from the liquid iron. This reaction tends to decrease the 
oxygen content of the melt and, if it continued throughout the run, 
equilibrium between the liquid iron and carbon oxides might not be 
attained. However, the continued formation of slag throughout the 
run is improbable. In the high-frequency furnace, there is a sharp 
temperature gradient between the liquid metal and its refractory 
container, which results in solidification of the outer surface of the 
slag layer, thereby preventing further slag formation. This leads 
to the belief that the formation of this slag does not affect the final 
equilibrium content of oxygen although it does affect the rate at 
which equilibrium is attained. 

This belief is confirmed by experiments in which beryllia crucibles 
were used in place of magnesia. Beryllia did not form a slag with 
FeO under the conditions of these experiments as is illustrated by the 
photograph of an ingot melted in a beryllia crucible (fig. 3). Ingots 
10 and 11 in table 2 show the results of duplicate runs, in magnesia 
and beryllia crucibles. It will be shown subsequently that equilibrium 
probably was not attained in any of the runs in the time allowed. 
However, in ingot 10 the effect of the formation of the slag would be to 
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1 Figure 1.—Result of evolution of gas during solidification of molten iron prepared 
under a mixture of carbon oxides containing 5 percent carbon dioxide. 
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FicurRE 2.—Ingot prepared in a magnesia crucible. 




















Ficure 3.—Ingot prepared in a beryllia crucible, 
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increase the rate of approach to equilibrium from the high oxygen 
side; hence, the oxygen content of ingot 10 should be lower, and 
nearer to the equilibrium value, than in the case of ingot 11, where 
the oxygen content was lowered only through the action with the gas 
mixture. Although the two are in reasonable agreement, the oxygen 
content of ingot 10 actually is lower than that of ingot 11. This is in 
accord with the assumption that the formation of a MgO-FeO slag 
affects the rate of approach to equilibrium but does not affect the 
final equilibrium conditions. The oxygen content of ingots 6, 7, 8, 
and 9 cannot be compared in regard to the formation of a MgO-FeO 
slag, because each was prepared under mixtures of carbon oxides of 
different composition. 

TaBLE 2.—Carbon and oxygen contents of ingots prepared in contact with mixtures 

of carbon oxides containing more than 10 percent carbon dioxide 


[Nore.—The letters T, C, and B refer to the top, center, and bottom portions of the ingots] 
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sot | ,CO2 Sia Epes sy. | Carbon- 
Ingot | in gas Charge Refractory = — Oxy oxygen 
no. /mixture pee pon gen | product 
Percent | Percent 
Percent , 0.016 | 0. 107 | 
Gx cuca 16.3 | Open-beattn fon... . 20.552 ck Magnesia ._}; C .018 . 104 | 0. 0021 
B . 026 -ill | 
J Hg . 018 . 127 | 
yea A." 04 4 a ss. nha Bee eds ..| Beryllia.__.}4 C .014 . 131 . 0021 
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| . 021 . 139 
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| B . 018 . 138 
T . 018 . 156 | 
| | Hae Sees LS Pi ii ik SSA ei ees Beryl. Cc | 017 . 151 . 0029 
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The results for the series of ingots prepared under gas mixtures 
which contained more than 10 percent carbon dioxide are shown in 
table 2. In order to obtain reliable values for the carbon and oxygen 
contents of ingots of this series, each ingot was cut laterally into three 
dises. Half of each disc was used for a carbon determination and 
the remaining half for an oxygen determination by the vacuum fusion 
method. In computing the carbon-oxygen product for an ingot the 
averages of the three carbon and of the three oxygen determinations 
were used. Ingots 6, 7, 10, and 11 were prepared under approx- 
imately the same gas compositions. Ingots 6 and 7 were prepared 
from charges containing a low initial oxygen content, whereas ingots 
10 and 11 were obtained from charges with high initial oxygen con- 
tents. Ingot 10 is believed to approach equilibrium more nearly than 
does ingot 11, for reasons already discussed. The carbon-oxygen 
product obtained for molten iron under mixtures of carbon oxides 
containing approximately 11 percent carbon dioxide therefore is 
0.0023. This value is obtained by taking the numerical average of 
the products for ingots 6 or 7 and 10. The value 0.0023 is in good 
agreement with the value 0.0025 obtained in previous work.’ It is 
also in qualitative agreement with the results shown in table 1. It 
is evident that a value of the order of magnitude of 0.0025, for the 
carbon-oxygen product in liquid iron at about 1,600° C. and one 
atmosphere pressure, is a reproducible value. The accuracy of this 





5 See footnote 1. 
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value will be demonstrated in the subsequen t discussion of the results 
obtained for the system liquid iron-hydrogen-water vapor. 


2. THE SYSTEM LIQUID IRON-HYDROGEN-WATER VAPOR 


The same general procedure that was employed in the experiments 
with carbon oxides was used in preparing a few ingots under hydrogen 
which contained approximately 4 percent water vapor. The hydro- 
gen-water vapor mixture was made by passing a stream of purified 
hydrogen through a saturated sodium chloride solution. The 
saturated brine solution was used in order that the partial pressure 
of water vapor in the hydrogen-water vapor mixture would be less 
than the vapor pressure of water at room temperature. This pre- 
vented water from forming in the tubing that led the gases to the 
furnace. The hydrogen-water vapor mixture was passed through the 
furnace at a rate of 150 ml per minute for a period of from 1) to 2 
hours. 

In two runs the original charge consisted of pieces of open hearth 
iron which contained 0.07 percent oxygen. In these two runs there- 
fore, equilibrium in the metal was approached from the high oxygen 
side. In two additional runs equilibrium was approached from the 
low oxygen side through the use of charges of open hearth iron which 
had been held molten under a stream of hydrogen for one half hour. 
Previous experiments had shown that this treatment reduced the 
oxygen content to about 0.005 percent. At the start of each experi- 
mental run the charge was melted in vacuo. This resulted in almost 
complete elimination of the small amount of carbon present in the 
ingot iron, accompanied by a slight reduction in oxygen. It was 
assumed that the carbon content of the charges after this treatment 
was too low to exert any effect on the iron-hydrogen-oxygen equilib- 
rium. These charges after the 1% to 2-hour exposure to the hydro- 
gen-water vapor mixture at 1,580° C. did not evolve gas during solid- 
ification. However, several attempts to prepare ingots at 1,620° C, 
did result in the evolution of a small amount of gas during solidifica- 
tion. 


TABLE 3.—Ozxygen and hydrogen contents of ingots prepared in contact with mixtures 
of hydrogen and water 


{Nots.— The letters T and B refer to the top and bottom portions of the ingots] 
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The results of the analyses of the ingots prepared under hydrogen- 
water vapor at 1,580° C. are shown in table 3. Top and bottom 
samples of each ingot were analysed for oxygen. The results show 
the absence of serious segregation. 
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3. DISCUSSION 


In previous work on the system liquid iron-carbon oxides the data 
obtained have been open to question for two reasons: First, uncer- 
tainty on account of experimental difficulties; second, uncertainty 
whether or not the data represented equilibrium. The first uncer- 
tainty has to do with the reproducibility of the data under the con- 
ditions of the experiment, the second with the accuracy of the data, 
at least in regard to the order of magnitude. 

The present data have yielded an average carbon-oxygen product 
of 0.0023 for liquid iron at about 1,600° C. and under one atmosphere 
of carbon oxides. A value of 0.0025 was obtained under similar 
conditions in previous work. These values were obtained from 
ingots which were prepared from charges of high and low oxygen 
contents and from high and low carbon contents and under mixtures 
of carbon oxides of various compositions. Therefore, it is concluded 
that the values, 0:0023 and 0.0025, can be reproduced. 

The accuracy of any data representing an equilibrium is established 
when the data can be shown to be in agreement with other equilibria. 
In the following discussion it will be shown that the data in tables 2 
and 3 are in good agreement with accepted data for the well-known 
water-gas reaction and that the data in table 2 are in qualitative 
agreement with accepted data on the Fe—C system. 

The first equilibrium constant to be derived is the constant for the 
reduction of iron oxide by carbon monoxide according to equation (1). 


FeO (in solution)+CO (gas)=Fe (liq.)+CO, (gas); 
K.= Noe Poo. 


1 
~ Neeo Pco () 
The computation of this constant and subsequent constants from the 
data in table 2 necessitates the assumption that the free iron in the 
liquid iron solution at these carbon contents is essentially equal to 
1 minus Nyeo minus Nye,c, where N is the mol fraction. The 


assumption is based on the following considerations: (a) the presence 
of appreciable amounts of carbon monoxide and carbon dioxide in 
liquid iron is improbable;* (b) the oxygen content of liquid iron can 
be considered as equivalent to ferrous oxide, since it has been shown 
that the ratio of iron oxide in a lime slag to the oxygen content of 
liquid iron is a constant;’ (c) the carbon in liquid iron is present as 
iron carbide that dissociates slightly at high carbon contents accord- 
ing to the reaction Fe,;C =C+3Fe.® 

The data for the computation of K, are shown in table 4. In com- 
puting the mol fractions the average values for the carbon and oxygen 
contents of each ingot listed in table 2 have been used. The first 
four values for K, are computed from the results of runs in which 
equilibrium was approached from the low oxygen side. If equilib- 
rium were not attained, the final oxygen content would be lower 


sms ce Gottschalk and R. S. Dean, The Solubility of Gasesin Metals. A.I.M.M.E. Preprint, February 
7C, aol Jr., et al., The Physical Chemistry of Steel-making. The Solubility of Iron Oxide in Iron. 
etn. .. Met. 1 Invest. Bull ull. 34, U.S. Bureau of Mines, Carnegie Inst. of Tech. and Mining & Met. Advisory 
oar 
§ Friedrick Kérber and Willy Oelsen, Thermodynamic Considerations of Several Equilibrium Curves 





of the System Iron-Carbon. Thermod a ppg Zu einigen SS ae des 
Zustandsschaubildes Ejisen-Kohlensto: chiv. fiir das Eisenhiittenwesen, vol, 5. Hg 569-578, May 
1932, Extended abstract by J, B. Austin, Metals and Alloys, vol. 4, pp. 49-53; April 19: 
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than the equilibrium concentration and the value for the constant 
K, would be higher than the correct value. On the other hand, in 
runs 5 and 6 equilibrium was approached from the high oxygen side. 
If equilibrium were not attained in these two runs, the final oxygen 
content would be higher than the equilibrium concentration and the 
value for K, would be correspondingly low. The calculated values 
for K, in table 4 indicate that equilibrium was not fully attained in 
the time allowed. Consequently, the true value for K, is considered 
to lie between the lowest value obtained in the first four runs, 28.2, 
and the highest value obtained in the last two runs, 26.2. The nu- 
merical average of these two values, 27.0, was used in subsequent 
computations as the value of K, at 1580° C. 


TABLE 4.—Computation of equilibrium constants K, and K, 
































| j j l | j 
. ie | Poo; | poo || Nre/ PCOd/ > || N3pe/ | peco/ 
— | wae — | mes atm. | atm. || Nreo | Pco Ki Nec | PCO, a 
| | | | } 
Seb a) Roses ae ~ —- ~~ --||[———-- | —-—— rom cae ——— —-- 
6 10. 00094 |0. 00374 | 0.995 | 0. 103 | 0.897 266 | 0.115 | 30.6 | 1052 7. 81 8220 
Poy kereis | - 00079 | . 00444 | -995 | .121) .879 224} .138| 29.9 || 1247] 6.391 7970 
eins wes. _-.-|.-------| .00588 | .993 | .143| .857 AEST ee SS eR ORE erties 
@. Lee! ed ae See Reee st er 
= .| . 00089 | . 00483 | . 994 . 113 . 887 206 - 127 | 26.2 i 1110 6. 96 7730 
| PRP ee . 00089 | . 00543 . 904 .112 . 888 183 . 126 | 23.1 ] 1110 7.04 7810 
| | | | | | } 
Rc wvernde OF 6 OO UD... cibieki kdb nile cde dwonnbicdanen Becsbs hess cia. 27.0 Ky, average...... 7930 


The constant K, can be combined with the data for the liquid iron- 
hydrogen-water vapor system, listed in table 3, to yield a constant 
for the familiar water-gas reaction. Equilibrium in the iron-hydro- 
gen-water vapor system is represented by equation (2) 

: ; >, 
FeO (in solution) + H, (gas)=Fe (liq.) + H,O (gas); K,= vr ° 


FeO 





Pxu20 


a (2) 


and Kk; divided by K, is equal to K;, the constant for the water gas 
reaction (3). 
Poco PR20 | ¢ 


CO, (gas) +H, (gas)—CO (gas) +H,0 (gas); K,;=*— age (3) 
Pco, PH. 1 


TaBLEeE 5.—Computation of equilibrium constant Ky. 





























| r r | H,O H » 
Ingot no. Neo Nr | rma ~ Nre/N Feo| Pu,o/Pu,| Ke 
ee —_—_—__— a — ancil _ _—_—— 
ii dadbdencmnaeddebsbiduddhemiicdiasy 0.000350 | 0.999 0.039 | 0.961 2854 0. 0406 116 
| ES Se Se eee . 000381 . 999 . 042 . 958 2622 . 0438 115 
Patt, dt nocpapeatudyecneeiicenniiadebie cana . 000420 999 . 043 . 957 2379 0449 107 
icin cin mcpine sw ove ushbibiiusbiaihiby alg tnd . 000350 999 . 034 . 966 2854 . 0352 101 
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Kr—Average....- 110 


The computed values for Ko, in table 5, average 110 for four ingots; 
the value for K;, in table 4 is 27.0; the value derived for K3, therefore, 
is 4.07. The value for the water-gas constant at 1,580° C. is 3.95 com- 
puted with the aid of Chipman’s free energy equation.’ The value 
for K; derived from the present work and from the free energy equa- 


*J. Chipman, The Free Energy of Water, Carbon Monoxide, Carbon Dioxide, and Methane, Ind. & 
Eng. Chem., vol. 24, pp. 1013, 1932. 
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tion are considered to be in close enough agreement to demonstrate 
that the data in tables 2 and 3 agree with accepted data for the water- 
gas reaction. 

The second constant to be derived from the data in table 2 is the 
constant for the oxidation of iron carbide by carbon dioxide according 
to equation (4). 

Fe,C (in solution) + CO,(gas) $ 3Fe (liq.) + 2CO (gas); Ky, 
= N*r0. ; P’co (4) 
Nye Poco, 
The average value obtained for K, is 7.9 < 10° according to the com- 
putations indicated in table 4. 

If the relation between the carbon content of liquid iron and the 
partial pressures of carbon oxides as expressed by A, is true over the 
complete range of possible carbon contents, then the carbon content 
can be determined from a knowledge of the composition of a mixture 
of carbon oxides at one atmosphere pressure. The composition of 
carbon oxides at one atmosphere pressure in equilibrium with graphite 
can be obtained from the equilibrium constant of the producer-gas 
reaction (5). ; 

C (graphite) + CO,(gas)  2CO (gas); K;= A (5) 

COg 
Inasmuch as the mixture of carbon oxides at one atmosphere pres- 
sure in equilibrium with graphite is also in equilibrium with liquid 
iron saturated with graphite, K; can be combined with K, to give the 


73 
value of Nive. The value of K; at 1,580° C. is 14.4 x 10° when com- 


Nyexc 
puted with the aid of Chipman’s free energy equation '° for the pro- 
ducer-gas reaction. The value of Nge/Nregc when liquid iron is sat- 
urated with graphite therefore, is 0.55. The carbon content of liquid 
iron then can be computed from the value 0.55 by considering Ny, 
equal to 1—Nyec. The value of Nyeo is negligible at high carbon 
contents. On this basis the carbon content corresponding to 0.55 is 
4.4 percent. The carbon content of liquid iron saturated with 
graphite is 5.3 percent according to the iron-carbon diagram." It is 
concluded therefore that K,, is not applicable over the complete range 
of possible carbon contents. In order to correlate the data describing 
liquid iron saturated with graphite and the data in table 4 it must be 
assumed that iron carbide dissociates to some extent, according to 
equation (6). 
73 
Fe,C (in solution) = 3 Fe(liq.)+C (in solution); K,= ae Ne (6) 
4‘ Fe3C 

K, can be computed from the value of N*re/Neegcs 0.55 and the 


carbon content, 5.3, when liquid iron is saturated with graphite. 
This computed value for Kg, 0.038, can be used with K, and K, to 
derive the data for the dissociation of Fe,C, at different carbon con- 
tents, recorded in table 6. It is evident that the dissociation of Fe,C 
is negligible at very low carbon contents but becomes increasingly 
important as carbon contents of about 5 percent are reached. 








10 See footnote 9. 
11 See footnote 8. 
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TABLE 6.—The carbon and oxygen contents of liquid iron in equilibrium with dif- 
ferent mixtures of carbon oxides at one atmosphere pressure and 1,580° C com- 
puted from K,, Ky, and Ke 
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~ . Phases present in 
Carbon | Carbon | Carbon Total ‘i oxygen re 
dioxide |(as Fe;C)| (as C) carbon Oxygen product addition to gasand 


Carbon- 
| 
| 


(C) x (0) liquid iron phases 





Percent | Percent | Percent | Percent | Percent | Percent 
} 21.1 0. 008 0. 008 


eee a kg 0. 28 @ 0. 0022 FeO (slag). 
| 10.0 022 | 0.00084 .023 | .117 . 0027 
| 6.0 -039 | .0015 .041 | .068 . 0028 
2.0 .126 | .0049 .131 | .0216 . 0028 
1.0 .249 | .0098 . 259 | .0105 . 0027 
| 0.5 .474 | .0194 .493 | .0049 . 0024 
| of 1.656 | .0856 1,742 | .00067 . 0012 
. 05 2.434 | .1553 2.589 | .00029 . 0007 

| ,007 4.4 9 5.3% | .000025 . 0001 C (graphite). 


























* Oxygen content of liquid iron in equilibrium with iron oxide. See footnote 7. 
> Carbon content of liquid iron in equilibrium with graphite. See footnote 8. 


Kérber and Oelson” showed that the latent heat of fusion of pure 
iron can be correlated with the carbon content of the solidus and 
liquidus of the iron carbon diagram if it is assumed that the carbon 
content of the liquidus consists of Fe,C slightly dissociated. In the 
preceding discussion it has been shown that the carbon contents of 
liquid iron and the corresponding composition of carbon oxides at 
one atmosphere pressure can be correlated if it is assumed that the 
carbon content of liquid iron consists of Fe;,C slightly dissociated. 
The two sets of data therefore lead to the same assumption and con- 
sequently can be concluded to be in qualitative agreement. A more 
quantitative comparison could be made if Ky could be computed as 
a function of temperature from the iron-carbon diagram and the 
latent heat of fusion of pure iron, but the available data are not 
sufficiently reliable and the computations are too sensitive to errors 
in the data. 

The constants, K,, Ky, and K,, have been used further to compute 
the variations in the carbon-oxygen product with varying composi- 
tion of the carbon-oxides mixture at one atmosphere pressure for 
liquid iron at 1,580° C. These computations, recorded in table 6, 
show that the carbon-oxygen product is not a constant for all mix- 
tures of carbon dioxide and carbon monoxide. Experimental work is 
practicable only with material which contains between 0.01 and 0.5 
percent carbon and between 0.005 and 0.3 percent oxygen. It is 
evident that within these limits the carbon-oxygen product lies be- 
tween 0.002 and 0.003. The average value of 0.0025 can be used 
throughout the range which can be investigated experimentally, 
since the error resulting from the use of this single value will be well 
within the limits of precision of the experimental procedure. 


III. SUMMARY 


The present data on the system liquid iron-carbon oxides haye been 
used in computing the equilibrium constants of the following equations 


FeO (in solution) + CO(gas) = Fe(liq.) + CO,(gas); 
Nye : Poco, (1) 


“ins cacuaies aaa 
Nyeo Pco 





13 See footnote 8. 
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Fe,C (in solution) + CO,(gas)=3Fe(liq.) + 2CO(gas); 


N3 p* 
; oe re ,Pco 4 
. Nye3c Pos (4) 
N* ve 


Fe,C (in solution) = Fe(liq.) + C (in solution) ; Kg Ter Neo (6) 
FegC 


The computed values of K,, K, and Ky at 1580° C. are 27.0, 7.9 < 10° 
and 0.038 respectively. The values K, and K, are reproducible at 
one atmosphere pressure and 1580° C, and can be obtained by approach- 
ing equilibrium from high and low carbon contents and from high and 
low oxygen contents for several compositions of carbon oxides. 
Data on the system liquid iron-hydrogen-water vapor have been 
used to compute the equilibrium constant of the following equation 


FeO (in solution) + H,(gas)=Fe(liq) + H,O (gas); 


Nye PHeo 
*Fe | /H20 3 
Nyeo Pre (3) 


The value of K, at 1580° C.is 110. This value is reproducibie and 
can be obtained by approaching equilibrium from high and low oxygen 
contents. 

The accuracy of the values of K, and K, is established because, 
when combined as a ratio K,/K,, they give a value, 4.07, that is in 
good agreement with the value, 3.95, for thé equilibrium constant of 
the water-gas reaction. Computations based on the value for the 
constant A, indicate that the carbon content in liquid iron consists 
of Fe,C slightly dissociated. This conclusion likewise can be de- 
rived from thermodynamic considerations of the iron-carbon diagram. 
This qualitative agreement with the approved data of the iron-carbon 
diagram indicates that the value for A, is at least of the correct order 
of magnitude. 

The value 0.0025 previously obtained for the carbon-oyxgen prod- 
uct, in liquid iron, at 1600° C.and in contact with mixed carbon 
oxides at one atmosphere pressure, has been confirmed. Additional 
experiments have permitted the correlation of the carbon oxides 
data with the data for the familiar water gas and producer gas reac- 
tions. The accuracy of the carbon oxides data, and of the corre- 
sponding carbon-oxygen product, 0.0025, is therefore established. 
This value can be used without appreciable error for carbon and oxy- 
gen contents within the limits of 0.01 to 0.5 percent carbon and 0.005 
to 0.3 percent oxygen. 


WASHINGTON, July 29, 1933. 
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A SIMPLE CALORIMETER FOR HEATS OF FUSION. DATA 
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ABSTRACT 


A vacuum flask with a thermoelement serves as a simple calorimeter for 
measuring heats of fusion quickly and economically, with an accuracy of a few 
percent. The following heats of fusion (with estimated uncertainties), in k-cal. 
per mole, were obtained: pseudocumene,—44.1° C., 2.75+0.06; hemimelli- 
tene, —25.5° C., 2.00+0.05; mesitylene (a),—44.8° C., 2.28+0.06; mesitylene 
(8),—51.7° C., 1.91+0.05; o-xylene, —25.3° C., 3.33+0.07; m-xylene, —47.9° C., 
2.76+0.05. Hemimellitene was found to have two transitions below the freez- 
ing point, with the following heats of transition, in k-cal. per mole: hemimelli- 
tene (y->8), —58+2° C.,0.28+0.04; hemimellitene (8a), —46+1° C., 0.36+0.04. 
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I. INTRODUCTION 


The simple calorimeter described here was assembled in order to 
provide a means for measuring as quickly and economically as prac- 
ticable, and with an accuracy of a few percent, the heats of fusion 
of certain hydrocarbons for which there are no data. Values for the 
heats of fusion of these substances are required in order to compute 
the purity of various samples of them from their freezing curves. 


II. APPARATUS AND METHOD 


The apparatus is shown in figure 1. A is an unsilvered vacuum 
jacketed, pyrex glass flask, the bulb of which has a capacity of about 
30 cm’; B is a 2-junction copper-constantan thermoelement sealed 
with deKhotinsky wax through the rubber stopper C; D is a cork 
support. 

The principle of the method is to determine the time required to 
melt a given mass of the substance contained in the flask, when the 
latter is surrounded by dry air whose temperature is nearly that of 
the room. The temperature of the air bath is At degrees above that 
of the melting substance. The time rate of flow of heat energy into 
the flask for any given temperature head, At, is determined from ex- 
periments with ‘‘standard’”’ substances whose heats of fusion are 
known. 

553 
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The experimental procedure was as follows: The empty vacuum 
flask with solid rubber stopper was weighed; the bulb of the flask 
was filled with the substance under investigation; the flask, with 
stopper and contents, was weighed; the solid stopper was replaced 
by one carrying the thermoelement; the bulb of the flask was im- 
mersed in liquid air and allowed to remain there until a temperature 
well below (30 to 60° C.) the freezing point was reached; the flask 
was then dried and placed in the dry air bath 
(a glass jar, 12 by 13 by 14 inches, with a close 
fitting aluminum plate as cover) with the bot- 
tom tip of the flask resting on a large cork 
Cc stopper and the rubber stopper at the top 
touching a rubber covered lateral support; the 
emf of the thermoelement was read to 0.01 
millivolt at intervals of 2 to 5 minutes except 
during the melting period, when the intervals 
were longer. 

The dry air bath was in temperature equi- 
librium with the air of the laboratory and its 
temperature stayed about 1° C. below that of 
the room air. The temperature of the dry air 
in the bath changed about 0.2 to 0.8° C. during 
the course of an experiment. 

Figure 2 shows a plot of log At, where At is 
the difference in temperature between the sub- 
stance in the flask and the surrounding air, 
against the time for experiments 23 and 24, 
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N with n-decane and n-octane, respectively. The 
A data required from these plots are (1) the aver- 

= age ordinate during the melting period, the 
antilogarithm of which is Aé,, and (2) the length 


of the abscissa (through this average ordinate) 
intercepted by the two straight lines, which is 
2, the time of melting. 
D If m is the mass of the substance in the flask, 
and /, is its heat of fusion in cal. per g, then, 
at the given temperature head of At,, the rate 
Ficure 1.—Sketch of the Of flow of heat energy into the flask from its 





apparatus surrounding air, during the melting period, is 
4 flask; », te 
thermoelement; C, rubber eee ES 
stopper; D, cork support; A=mil,/z; cal. min.~! 


om of flask, 8 inches, over 
all. . . . 
Having determined the value of A for vari- 
ous values of At, from experiments with “standard” substances, then 


for the ‘“‘unknown’”’ substance 
l,=2,A/m cal. g~! 
III. MATERIALS 


The hydrocarbons employed in the a investigation were as 
follows: n-octane (F.P. —56.8° C.) and n-dodecane (F'.P. —9.8° C.) 
prepared synthetically by Mair'; n-decane (F.P. —29.8° C.) pre- 


1 Mair, B.J., B.S.Jour. Research, vol. 9, p. 457, 1932. 
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pared from petroleum by Bruun and Hicks-Bruun ?; benzene pre- 
pared by the Bureau des Etalons Physico-Chimiques, University 
of Brussels; o-xylene (F.P. —25.3° C.) and m-xylene (F.P. —47.9° C.) 
prepared from petroleum by White and Rose *; pseudocumene (1, 2, 
4-trimethylbenzene, F.P. —44.1°C.), mesitylene (1, 3, 5-trimethyl- 
benzene, F.P. —44.8° C.), and hemimellitene (1, 2, 3-trimethyl- 
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0 TIME 100 IN MINUTES 200 
F'iGuRE 2.—Curves for n-octane and n-decane. 


The scale of ordinates gives log Atin °C. The scale of abscissae gives the time in minutes. 


benzene, F.P. —25.5° C.) prepared from petroleum by Mair and 
Schicktanz *. 


IV. STANDARDIZATION EXPERIMENTS 
Table 1 gives the data obtained in the experiments with the 


“standard” substances, values for whose heats of fusion were taken 
from the data of Parks and coworkers.® 





? Bruun, J. H., and Hicks-Bruun, M. M., B.S.Jour. Research, vol. 8, p. 583, 1932. 

3 White, J. D., and Rose, F. W., Jr., B.S.Jour. Research, vol. 9, p. 711, 1932. 

‘ Mair, B. J., and Schicktanz, 8. T., B.S.Jour. Research, vol. 11, 1933. 

5(*) Huffmann, H. M., Parks, G. S., and Barmore, M.., J.Am.Chem.Soc., vol. 53, p. 3876, 1931; 
() Huffmann, H. M., Parks, G. S., and Daniels, A. C., J.Am.Chem.Soc., vol. 52, p. 1547, 1930. 
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TABLE 1.—Data from the Standardizing Experiments 
| vous for 
. , | the heat 
Experi- | 3i 
ment Substance Mass | yo ome Aty zr A 
mc Parks et 
| al.) 
ante aaa — iid saat! GALERIE: lEnanaenatt | a a . os 
g cal. g=! °C. min. jcal, min.~! 
1 | n-decane ------ ; ares <* 24. 99 48. 34 57.7 85. 4 14. 14 
2 | n-decane. ; 3 = a 24. 99 48. 34 58. 1 85.3 14. 16 
3 | n-octane--_. r = 23. 19 43. 21 85.7 57.0 17. 58 
4 | n-octane ‘ whan webpie 23. 19 | 43. 21 85.7 56. 2 17. 83 
11 | n-dodecane - ‘ out 25. 57 51. 33 36. 3 129. 4 10. 14 
12 | benzene 29.53 | 30.09 22. 5 138. 5 6. 42 
13 | m-nonane--- é “— rt 24.80; 41.21 85.7 56. 5 | 18. 09 
23 | n-octane.-- , : 24. 19 43. 21 85. 1 58.9 | 17. 74 
24 n-decane Ee: edaee . 24. 13 | 48. 34 61.0 | 77.9 | 14. 97 
20 
7: 
z 
= 
a 
~~ 
— 
10 
a 
e 
0 at; 40 *c 60 80 100 


Figure 3.—Plot of the data from the standardizing experiments. 

The scale of ordinates gives A, the heat flow into the flask, in cal. per min. The scale of abscissae gives 
Aty, the difference between the temperature of the substance at its melting point and that of the air sur- 
rounding the flask, in °C. 

The experiments with the ‘‘standard”’ substances were run both 
before and after the experiments with the ‘‘unknowns’’, and the 
thermal conductance of the flask was apparently unchanged during 
the course of the experiments, which extended over a period of 4 
weeks. 

The data from the standardizing experiments are plotted in figure 
3, where A, the heat flow in cal. per minute, is plotted againsy At,, 
the difference in temperature between the substance at its melting 
point and the air surrounding the flask. The equation of the curve 
is given by 

A=0.323 At;—0.00135 (At,)? 
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The flask used in the present investigation served very well for 
substances freezing in the range 0° to —70°C. For lower tempera- 
tures a flask with a smaller heat leak would be better. For substances 
melting above room temperature, the reverse process of starting 
the experiment with the flask containing the liquid substance at a 
temperature of 30° to 60° above the melting point and letting it cool 
down to the room temperature should be feasible. With a silvered 
flask the heat flow would more nearly approach Newton’s law of 
cooling, that is, A/At; would be more nearly constant. To secure a 
sufficiently large heat flow with a silvered flask, it could, instead of 
being evacuated, be filled with hydrogen or with nitrogen. Elimina- 
tion of the vacuum would be expected to improve the constancy of 
the thermal conductance of the flask over a long period of time. 


V. 
The experimental data and determinations are given in table 2. 


TABLE 2.—Experimental Data 








| | 
Exp. | iti , | ae os re | Heat of 
no. | Substance Mass | Ate | 2 | pearl 
| deals 
| | ‘ } 
| g | *¢. | min. | cal. g- 
5 | Hemimellitene (a) . 29. 70 } 56. 6 | 34.9 | 16. 40 
6 | Hemimellitene (a) 29.70 | 53. 5 | 38.3 | 17. 30 
7 | Hemimellitene (a) | 29.70 | 49.8 | 38. 6 | 16. 56 
| 
10 | o-Xylene : si | 30.70; 50.1 | 75.3 31. 39 
22 | o-Xylene 27. 02 52. 5 | 65. 5 32. 09 
25 | o-Xylene- , 30. 43 53. 0 70.3 | 30. 77 
14 | m-Xylene siasi Sees | =—.:29, 92 75.3 46. 3 | 25. 78 
15 | m-Xylene | 29. 92 75. 3 47.0 26. 17 
16 | Mesitylene (8) 7 | 29. 50 77.1 | 7.6} 15.79 
17 | Mesitylene (8) ; 29. 5 77.4 | 28.0 16. 05 
18 Pseudocumene : ae 28. 62 72. 4 | 40. 7 23. 19 
19 | Pseudocumene 28. 62 74.8 39.1 | 22. 69 
20 | Mesitylene (a) yes. Seat. See 28.75 72.1] 33.4 18. 90 
21 | Mesitylene (a)--- ye ial 28. 38 72. 8 33. 7 19. 42 
| | 
— 
| Heat of 
} itransition 
| | — 
7 | Hoemimellitens (yebO). anon nnnensasienn 29. 70 78.9 4.0 | 2. 30 
7 | Hemimellitene (8->a) -....---- écnwe thes acon 29. 70 66.5 5.8 3. 03 








In figure 4 are plotted the data from experiments 7 and 15, with 
hemimellitene and m-xylene, respectively. As indicated by the 
curve in figure 4, hemimellitene has three stable solid forms. Values 
for the two heats of transition were computed from this curve. From 
these and other experiments the transition temperatures for hemi- 
mellitene were determined to be —46+1 and —58+2° C. In the 
case of mesitylene, Mair and Schicktanz * found both a stable (F.P. 
—44.8° C.) and a metastable crystalline form (F.P. —51.7° C.). 
The heats of fusion of both of these crystalline forms of mesitylene 
were determined. 


® See footnote 4, p. 555. 
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The scale of ordinates gives log A/ in °C. 
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Figure 4.—Curves for hemimellitene and m-xylene. 





The scale of abscissas gives the time in minutes. 
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TaBLE 3.—Heats of Fusion 
EY | 
Heat of 
| fusion 
Substance —— F.P. | (with esti- 
8 mated un- 
certainty) 
k-cal. 
g ° mole-| 
POOUGCONID 0.3 os nneniicncescccsescddesesdshestbestbeudlanisecaseeesns 120.09 | —44.1 2. 75-+0. 06 
I I a ee es ade tale ae ei eG a tl 120.09 | —25.5 | 2.00-+0.05 
SERN Ra Sterne chance eck didimhdaa tens souaeabacencktonccanal 120.09 | —44.8 | 2. 28:40. 06 
sre Oeics hao dp dsl ndeNalonnntee nae hg ibiiilapataccdaneche 120.09 | —51.7 1. 91:40. 05 
Ors see Soden whsh ne dah bisdindstdssinnsimabd bibbiduadcbdbewkoicded 106.08 | —25.3 3. 33-40. 07 
Sb TN cecittibas: tassel rime toate sitahdicelag ges ceeasi aii lh ttc cciphnatiatnnin aie 106.08 | —47.9 2. 76:40. 05 
TABLE 4.—Heats of Transition 
Heat of 
Transition | transition 
Substance tempera- | (with esti- 
ture mated un- 
certainty) 
k-ca’. 
wl mole-! 
Heusen at CG dicininind cid itiinnin datiinaden chitin deiibbaianenbanees siden —58+2 | 0. 28-0. 04 
Hemimellitene (6a) ....-.-- ikea teil hin dich vel lies entities = nian casings —464+1 | 0.36+0. 04 











VI. CONCLUSION 


The values obtained from the present investigation, together with 
the estimated uncertainties, are given in tables 3 and 4. No other 
data exist for hemimellitene and mesitylene. Parks and coworkers ’ 
found for m-xylene*® (F.P. —53.5° C.) 2.73, for o-xylene (F.P. 
—25.3° C.) 3.11, for pseudocumene (F.P. —44.5° C.) 3.02, k-cal. per 


mole. 


WasHINGTON, July 28, 1933. 





7 See footnote 5, p. 555. 


8 Huffman, Parks, and Daniels (see footnotes 5b, p. 555) state that their m-xylene was not very pure. 


Their sample froze 5.6° C. below the freezing point of the sample used in the present investigation. 
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NOTE ON A MULTI-FREQUENCY AUTOMATIC RECORDER 
OF IONOSPHERE HEIGHTS! 


By T. R. Gilliland 


ABSTRACT 


A system is described which gives a curve of virtual height of the ionosphere 
against frequency. The pulse method of Breit and Tuve is employed with 
modifications. Short pulses of radio-frequency energy are transmitted and the 
time required for the energy to go up and return is recorded automatically by a 
galvanometer oscillograph of the type previously used for fixed-frequency work. 
The transmitting and receiving sets are shifted in frequency from 2,500 to 4,400 
ke/s at the uniform rate of 200 ke/s per minute. 

Records are presented which show the characteristics for different times of 
day and night. In the daytime, during the period of these tests, three strata 
were usually indicated. For the lower range of frequencies, reflections come 
from the # layer with a virtual height of around 120 km. As frequency is in- 
creased the waves pass through the # layer and are returned from the F; layer 
with virtual heights of the order of 200 km. The frequency for which this 
transition takes place varies with time of day and with season. In the middle 
of the day, during these tests, this critical frequency was in the neighborhood of 
3,000 ke/s, while the critical frequency for passing through the F, to the PF, 
layer was usually between 3,800 and 4,100 ke/s. The F, layer shows virtual 
heights of 280 km or more. Of particular interest is the character of the change 
observed when passing from one.stratum to another as the frequency is increased. 
Although, at times, when passing from E to F; reflections may drop out com- 
pletely for a short interval, frequently the curve is continuous and the time 
retardation will reach a high value just before the appearance of the F, reflection. 
When passing from F; to F»2 the virtual height frequently reaches 800 or 900 km. 
As evening approaches reflections no longer come from the EF layer for the 
frequencies 2,500 ke/s to 4,400 ke/s, and the long retardation between F, and F, 
becomes less pronounced. By sunset the curve is almost straight and there is 
little change of height with frequency. Later at night the highest frequencies 
cease to be returned and long retardations again occur. The phenomenon of 
double refraction is in evidence at this time. 

The system described here offers a more convenient method than the manual 
methods previously employed and greater economy is obtained in both time and 
personnel. It is possible to obtain records with much greater detail. 

The results are presented with the idea of indicating the value of this method 
in the study of the physical properties of the upper atmosphere as well as in the 
study of radio transmission. 
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I. INTRODUCTION 


The purpose of this note is to describe a system for automatically ‘ 
recording the virtual heights of the ionized layers of the upper at- § 


mosphere for a given band of radio frequencies and to show the type 


of record obtained. The system utilizes the pulse method of Breit | 
and Tuve’ with modifications which permit automatic recording | 
and the shifting of the transmitting and receiving sets continuously | 


over a desired band of frequencies. 


Observers in previous work have recorded virtual heights manually | 


where information was desired for more than one frequency. The 
frequency was varied by steps, and readings of virtual height were 
made for each step. The disadvantages with this method are that it 
requires considerable time and labor and, since changes in the iono- 
sphere are often quite rapid, important details are likely to be missed. 
Critical effects are often observed for very small changes in fre- 


quency, so that a system that will give a continuous and rapid fre- i 


quency variation is desirable. 

The importance of the ionosphere in radio transmission has led to 
an intensive study of its characteristics both in this country and 
abroad. An investigation which gives fundamental information 
about its physical properties is of value in the general study of the 
atmosphere as well as in its application to radio transmission. The 
system originated by Breit and Tuve for making these studies con- 
sists of a radio transmitter, receiving set, and galvanometer oscillo- 
graph with photographic attachment. The transmitter is made to 
send out short pulses, which arrive at the receiving set via the iono- 
sphere as well as by a path along the ground. By passing the out- 
put of the receiving set through the oscillograph, a photographic 
record is made which gives a measure of the time required for the pulse 
to go up and back. This time interval is used to calculate the 
“virtual” height. 

This method has been modified for automatic recording at a fixed 
frequency. * This is done by keying the pulses at the transmitter 
with a chopper driven by a synchronous motor. At the receiving 
station the oscillograph is provided with a revolving mirror also 
driven by a synchronous motor connected to the same power system. 
With this arrangement the pulse pattern is projected onto the oscillo- 
graph screen so that the ground-wave pulse remains stationary while 
the sky-wave pulses shift with respect to it as the virtual height of 
the ionosphere changes. In order to make a record of the changes 
taking place, photographic paper is passed over the pulse pattern in 
a direction parallel to the axis of the revolving mirror. The pattern 
is masked so that the paper is exposed to only the top portion of the 
pulses. The usual cylindrical lens of the oscillograph optical system 
is replaced by a spherical lens so that the light from the top part of 
the pulse is focused into a small spot on the paper. As the paper 
moves the ground pulse will trace a straight line since its path length 
is fixed. As the ionosphere shifts in virtual height, the time required 
for the other pulses to return will change and traces will be made 
which vary in distance from the ground trace. This distance gives a 
direct measure of the virtual height. In the present arrangement 





3 Breit and Tuve, Phys. Rev., vol. 21, p. 554, 1926. Proc. I.R.E., vol. 16, p. 1236, 1928. 
3 Gilliland and Kenrick, B.8.Jour. Research, vol. 7, p. 783, Nov. 1931; Proc.I.R.E., vol. 20, p. 540, March 


1932. 
‘ Gilliland, B.S.Jour. Research, vol. 11, p. 141, July 1933. 
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1.—Photograph showing type of record obtained on a fixed frequency of 
4,100 ke 
Hy m 


irst two records show almost no reflections at night. Third to seventh records, inclusive, show night 
lections from both the E and the F layers. The last record shows reflections from only the E layer 
night. 
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FIGURE 4.—Photograph showing preliminary arrangement. 


Transmitter in foreground, receiving set converter in box with cover removed, recorder in backer und 


at left. 
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the transmitting and receiving sets are placed in the same room and 
the chopper wheel and revolving mirror are attached to the same shaft. 
The placing of the complete equipment in one room adds greatly to 
the simplicity of operation, especially with the multi-frequency 
system. ‘Troubles from phase shifts in the power system are elimi- 
nated. 

Figure 1 shows the type of record obtained on eight different days 
for a fixed frequency of 4,100 ke/s. Here reflections are shown from 
both the EF and the F layers. During the daytime on these days 
reflections came more often from the ee showing virtual heights 
of 240 km and higher. Reflections from the E region at about 100 
to 130 km were found to occur at irregular intervals.° 


II. DESCRIPTION OF MULTI-FREQUENCY SYSTEM 


The recorder for the multi-frequency system is the same as that 
used for fixed-frequency work. ‘The receiving set is also the same 
except that a mechanism is introduced for tuning over the desired 
range of frequencies. A a rete: Ae circuit is employed with a 
broadcast receiving set and high-frequency converter. The galvano- 
meter oscillograph is connected in series with the moving coil of the 









A 











OSCILLATOR, 





CHOPPING CIRCUIT 
*#2000V -2000V +250V 


Figure 2.—Circuit arrangement of transmitter. 


With the chopper contacts open, the oscillator grid is biased below the oscillation condition by the C 
battery. When the contacts are closed, current flows in the plate circuit of the chopping tube which 
includes resistance R. Current through RF brings the oscillator grid up to the oscillation point and at 
the same time causes the bias on the amplifier grids to assume the proper operating value. 


loudspeaker. The circuit arrangement of the transmitter is shown 
in figure 2. The oscillator circuit using one type UX-852 tube is 
followed by a single amplifier stage using three type UX-860 tubes in 
parallel. One UX-852 is employed as a chopping tube to avoid 
sparking at the chopper contacts which occurs when the oscillator is 
chopped directly. With the chopper contacts open, the oscillator 
grid is biased below the oscillation condition by the C battery. 
When the contacts are closed current flows in the plate circuit of the 
chopping tube which includes resistance R. The current through R 
brings the oscillator grid up to the oscillation point and at the same 
time causes the bias on the amplifier grids to assume the proper 
operating value. The chopper is geared so that about 10 pulses per 
second are transmitted. The rotors of the oscillator and amplifier 
tuning condensers are attached to the same shaft. 

The antenna system of the transmitter consisted of inverted L 
antennas of three-fourths wave length for 2,500, 3,000, 3,500, and 


5 See footnote 4. 
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4,500 ke/s, all connected permanently together at the base. The 
receiving antenna was a single inverted Z of three-fourths wave 
length for about 4,000 ke/s. 

The mechanical arrangement is shown schematically in figure 3. 
The transmitter tuning condensers are actuated by one cam while 
the receiving set condensers are actuated by another. Both cams 
are attached to a single shaft driven by a synchronous motor through 
a reduction gear. The cam lever of the transmitter is geared to the 
condenser shaft by spur gears with a step-up ratio of 4 to 1 so that 
the rotors turn through 180° while the cam lever moves through 45°, 
The rotors of the oscillator and detector tuning condensers of the 
receiving set are also attached to a single shaft. For the desired 
range of frequencies these rotors turn through more than 180° so 
that a slightly higher gear ratio is used. 


It was found that one set of coils of the receiving set could be worked | 


conveniently between 2,500 ke/s and 4,400 ke/s without modification 
and since this is an interesting range for daytime work, the trans- 
mitter was designed to cover this range. The cam shapes were 
determined after the mechanism had been assembled. The trans- 
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Figure 3.—Schematie diagram of mechanical arrangement. 
Transmitter condensers are actuated by one cam and receiving-set condensers are actuaed by another. 


Both cams are attached to a single shaft and are driven by a synchronous motor through a reduction 
gear. 


mitter cam shape was determined by changing the transmitter fre- 


quency in small steps. The distance from the cam roll to the center § 
of the cam shaft was measured for each step with a caliper. Having 


chosen 200 ke per minute as the rate of change of frequency, the 
angular position of the cam was known for each small step. With the 
radius known for each angular position it was then possible to lay 
out this cam. In order to lay out the other cam, the receiving set 
was tuned to the transmitter as the frequency was varied in small 


steps and the distance from the cam roll to the center of the cam | 


shaft was measured for each step. With these measurements and the 
known rate of rotation, this cam could be laid out. The cam was cut 
slightly large and then filed down to size after being installed. The 
tuning of the receiving set to transmitter frequency for each small step 
can be done conveniently while the transmitter is being pulsed. It 
was found advisable to keep the receiving set at low gain while tuning 
so that only the direct pulse was visible on the oscillograph screen. 
If tuning is done at high gain with reference to the sky wave pulses, 
inaccurate settings may be obtained at critical frequencies. 
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Figure 5.—Photograph showing type of record oblained in daytime. 


fe denotes critical frequency for E layer. f’r: denotes critical frequency for ordinary ray in F; layer. 
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Ficure 6.—Records of May 17. 


Each short section represents a frequency band from 2,500 to 4,400 ke and requires 945 minutes. Last iwo 
records in second row show critical effects for ordinary and extraordinary rays. 
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Ficure 7.—Records for May 17 (continued). 


F; reflections were very weak during this day. 
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Figure 8.—Records for May 17 (continued). 


e appearance of F; stratification at 1700 which disappears later in evening. The ordinary and extraor- 
dinary rays become critical in this band again before midnight. 
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Figure 9.—Photograph of records taken during afternoon and evening of April 22 


Note double critical effect between E and F; layer in first row, 
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FiguRE 10.—Records showing changes during two evening runs and one morning run. 





Records for morning of May 16 show beginning of F; stratification. 
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The system is adapted for sweeping automatically through the band 
either once each hour or each half hour. If switching is done manually 
at the end of each run, it is possible to sweep through the band almost 
six times per hour. 

Figure 4 is a photograph of the preliminary arrangement of the 
transmitter, receiving set, and recorder. 


III. RESULTS 


The type of record obtained in the daytime is shown in figure 5. 
Here the notation followed is that adopted by Kirby, Berkner, and 
Stuart in a paper now in preparation. The single and double prime 
letters indicate extraordinary and ordinary rays, respectively, in 
accordance with the notation of Appleton and Builder.’ Figure 5 
shows the changes in virtual height as the frenquency is changed 
uniformly from 2,500 to 4,400 ke/s at the rate of 200 ke/s per minute. 
E layer reflections are noted at the left coming from a virtual height 
of about 135 km for 2,500 ke/s. The virtual height increases gradually 
as the frequency is increased to about 2,850 ke/s. This is the critical 
frequency fy for the E layer, and long retardations occur. As fre- 
quency is increased above ‘this point, the virtual height drops rapidly 
to the level of the F, layer. At about 3,200 ke/s, the virtual height 
reaches a minimum of 210 km for the F, layer. As the frequency is 
increased the virtual height of the F, layer for the ordinary ray 
(F”,) increases until another critical value f”»; is reached at about 
3,850 ke/s and the virtual height reaches 700 km. This critical 
frequency is thought to be that for the ordinary ray as it passes through 
the F, layer. As frequency is increased still farther, reflections for 
this ray come from the F, region showing virtual heights of about 330 
km. The trace at the right marked F;’ is thought to be the extra- 
ordinary ray for the F, layer. It is usually relatively weak and 
frequently does not appear at all. From observations on higher 
frequencies, Kirby, Berkner, and Stuart have noted that this ray 
becomes critical at a frequency approximately 800 ke/s higher than 
for the ordinary ray during the daytime. It is likely that the critical 
frequency fg noted for the £ layer is for the ordinary ray and that the 
extraordinary ray is absorbed. The trace in the upper right hand 
corner is a multiple of the F, trace indicating that the pulse energy 
has gone up to the F, layer and back twice. As evening approaches 
the stratification indicated in the F region disappears and it appears 
to become a single layer. 

Figures 6, 7, and 8 show records taken over a period of about 21 
hours. Each short section of record represents the frequency band 
of 2,500 to 4,400 ke/s and requires 9% minutes. In figure 6 weak 
reflections are recorded for both the E and the F regions until about 
0415 when strong £ reflections appear. By 0456, the EF reflections 
have practically disappeared and strong F reflections are recorded. 
The records beginning at 0510% and 0522 show the critical effects for 
the two rays. It has been suggested that the frequency separation 
between these two rays, when critical, should give a measure of the 
strength of the earth’s magnetic field at the layer.’ Results during 
the remainder of the morning and the early afternoon should not be 
taken as typical. Apparently abnormally strong £ layer ionization 





6 Appleton and Builder. Proc. Phys. Soc., vol. 45, part 2, p. 208, 1933 
7 A theoretical discussion of this point is now in preparation by Mr. K. A. Norton. 
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was occurring at intervals and F layer reflections were very weak at 
the higher frequencies. The absence of fF; reflections desing the 
middle of the day was checked by manual observations with other 
equipment. By 1700 (fig. 8) the £ critical frequency is just below 
2,500 ke/s and F region stratification is now in evidence. ‘The strati- 
fication gradually becomes less pronounced and has practically 
disappeared by 1830, which is 48 minutes before sunset at the ground. 
Critical effects for the two rays appear before midnight. The failure 
to record reflections between 3,500 and 4,000 ke/s at times is caused 
by interference from the large number of amateur stations in this 
band. 

Figure 9 shows records taken during the afternoon and evening of 
April 22. The records in the first row show a double critical effect 
between the usual F and F; layers, indicating another stratum, making 
a total of four strata at this particular time. The changes indicated 
at the left in the second row are complex and very sharp critical effects 
are noted. As evening approaches the £ layer critical frequency goes 
below 2,500 ke/s and the F region stratification gradually disappears. 

Figure 10 shows records taken during two evenings and one morning. 
The records for the evening of May 9 show the appearance of strong 
E reflections which obscure F reflections for a time. The morning 
records for May 16 show the beginning of the F region stratification. 


IV. CONCLUSION 


In this note, preliminary results have been presented with the view 
to indicating the possibilities offered by this method in the study of 
radio transmission and physical properties of the upper atmosphere. 
It is believed that records of the type shown give a more complete 
picture than it has been possible to obtain by methods previously 
used. It is hoped that it will be possible to continue these observa- 
tions and to cover a wider band of frequencies. 


WASHINGTON, June 17, 1933. 
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